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Modified membranes for process intensification in biomass hydrolysis 
Production of biofuels and chemicals from lignocellulosic biomass is one of the leading candidates 
for replacement of petroleum based fuels and chemicals. However, conversion of lignocellulosic 
biomass into fuels and chemicals is not cost effective compared to the production of fuels and 
chemicals from crude oil reserves. Some novel and economically feasible approaches involve the 
use of ionic liquids as solvents or co-solvents, since these show improved solvation capability of 
cellulose over simple aqueous systems. Membranes offer unique opportunities for process 
intensification which involves fractionation of the resulting biomass hydrolysate leading to a more 
efficient and cheaper operation.   
This research attempts to develop membranes that would usher the economics of the biochemical 
conversion of lignocellulosic biomass into fuels and chemicals by recycling the expensive ionic 
liquid. The overall aim of this work is the development of novel membranes with unique surface 
properties that enable the selective separation of non-reacted cellulose and hydrolysis sugars from 
ionic liquids. 
Nanofiltration separation for application in food product engineering 
With the advent of the modern, well-informed consumer who has high expectations from the 
nutritional value of consumed food products, novel approaches are being developed to produce 
nutrient-enhanced foods and drinks. As a response to the consumer needs, different techniques to 
recover, concentrate and retain as much as possible of bioactive compounds are being investigated. 
Membrane technology has the advantage of selective fractionation of food products (e.g. salt 
removal, removal of bitter-tasting compounds or removal of sugar for sweet taste adjustment), 
volume reduction, and product recovery at mild conditions. In this work, we use nanofiltration in 
dead-end and crossflow mode to concentrate polyphenols from blueberry pomace. Blueberry 
pomace is an overlooked waste product form the juice pressing of blueberries that contains high 
amounts of health-beneficial antioxidants. We aim at developing a simple, yet efficient membrane 
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1.1. The case of dwindling fossil fuels and the concept of biorefinery 
Since its incipient exploitation that started in the 19th century, crude oil or petroleum has been the 
most significant fossil-derived hydrocarbon source used for the production of liquid fuels on a 
global scale. Petroleum reservoirs were formed from the thermogenic and microbial 
decomposition of organic matter, known as kerogen that occurred over the last millions of years. 
When the surrounding temperature of kerogen is increased to about 80°C oil is produced1 and with 
temperatures exceeding 140°C natural gas is produced2. These two types of hydrocarbons coexist 
and accumulate in porous, permeable rock and move upward in order of decreasing density, owing 
to faults, fractures and higher permeable strata until prevented by an impermeable barrier3. Thus, 
the crude oil and natural gas reservoirs form. After their discovery, various extraction methods 
were intensively developed. Worth mentioning is the technology to crack the crude hydrocarbons 
into constituent smaller chain aromatics, branched and unbranched polymers, that has quickly 
emerged and matured into today’s probably most relevant chemical engineering endeavor. The 
fractioned crude delivers commercial liquid fuels such as gasoline, diesel or kerosene and 
humanity has become irrefutably dependent on a constant high-volume delivery of these fuels to 
the end consumer and to all major industries. 
The downside of this extraordinary process that led to the creation of high-energy packed chemical 
polymers is that currently (and according to the author’s subjective knowledge) it cannot be re-
created at a similar time and volume scale. Humanity is therefore plagued with an insatiable thirst 
for the “black gold” that is a dwindling resource. To put the US consumption and production of 






Figure 1-1: US production and consumption of natural gas (above) and petroleum products (bellow) 
that include liquid fuels from 1950 through 2015. With permission from EIA. 
From 1950 and until 2015 the residential and industrial consumption of natural gas and petroleum 
products, such as liquid fuels, have seen a continuous increase that closely followed the increase 
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in population growth, standard of living and technological advances in the US. With the advent of 
the development of fracking technology that drills horizontally into oil wells and, thus reaches 
more into the reservoirs, the production of fossils fuels has seen a surge in the recent decade. And 
so, the consumption of fossil fuels is expected to continue its growth trend over the next decades. 
However, a few limiting factors exist. Fossil fuels are a non-renewable source of energy and their 
combustion is also releasing tremendous amounts of greenhouse gas (GHG) emissions into the 
atmosphere which have been linked to the increase in the global annual average temperatures5. 
The latter has been a source of worry for scientists worldwide as it is at the culprit of global climate 
change with adverse effects on humanity. 
Figure 1-2 (above) shows total energy usage from 1950 to present in the US partitioned into fossil-
fuel derived, nuclear and using renewable resources as raw material. Figure 1-2 (bellow) shows 
how much of total renewables are derived from hydro, geothermal, solar, wind and biomass. It is 
worth noticing how biomass accounts for the most relevant portion of total. In addition to that, 
solar, wind and biomass have all seen a surge in their consumption in the modern decade as 
Americans became more interested in these types and thus the market demand increased. As a 
point of reference, the average American household consumed 90 million British thermal units 






Figure 1-2: Total energy consumption in the US from 1950 through 2015 (above). Total renewable 
energy consumed in the US from 1950 through 2015 (below). Total biomass energy consumption 






While depletion of fossil fuels has been foreseen imminent in the following decades7, humanity is 
faced with the daunting task of establishing industrial processes using renewable feedstocks which 
are economically feasible and have output volumes comparable with those of the mammoth-sized 
petroleum industry. One concept developed that could potentially supply humanity with 
sustainable renewable energy and that could mitigate the increasing release of GHG is the 
integrated biorefinery. According to the National Renewable Energy Laboratory a biorefinery is 
defined as a “facility that integrates biomass conversion processes and equipment to produce fuels, 
power, and chemicals from biomass”. The integrated biorefinery is any processing facility that 
converts biomass into value-added products that are either completely new or can replace fossil-
fuel derived ones. It may involve any of the following types of integration8: 
• process integration: follows a holistic approach for the design and operation, in that mass, 
energy and property are regarded as one unit 
• infrastructure integration: allows for biorefinery products to access the existing 
infrastructure. For example, biofuels can use petroleum refinery pipelines or bio-methane 
can be directly injected into natural gas pipelines 
• product integration: exploits the common characteristics of products from biorefinery with 
those from a petroleum refinery. For example, bio-ethanol can be blended into gasoline or 
bio-diesel into petrodiesel 
• feedstock supply-chain integration: allows for timely coordination of the plant life-cycle 
with the production activities 
6 
 
• policy and environmental integration: with a tremendous potential for product pathways, 
adjacent bio-refineries can have connected feedstock and product streams and thus, 
facilitate the reduction of greenhouse gases as required by environmental regulations.    
Second generation feedstocks are of specific interest with the biorefinery processes. These include 
forestry residues, oils, energy crops, agricultural waste and other non-edible plant material. These 
feedstocks are interesting to the biorefinery concept since they do not employ edible material and 
can thus have less of a detrimental long-term impact on food prices9. It follows that the biorefinery 
concept has the potential of becoming a promising sustainable alternative to the well-established 
petroleum refinery industry, since it uses renewable plant material to produce liquid fuels, gas fuels 
and commodity polymers that are compatible with current transport and polymer infrastructure. 
At the heart of bio-refinery technology is the ability to convert cellulosic feedstocks into its 
building blocks, which can then be further processed into useful end-user products such as bio-




Figure 1-3: Biorefinery and potential green products. 
According to Wooley et al10 the common process to derive bio-fuels from raw lignocellulosic 
biomass is comprised of five main steps: feedstock handling, pretreatment and detoxification, 
saccharification, fermentation, product separation and purification. Each step, in turn, is performed 
from a multitude of unit operations. The pretreatment is usually operated with dilute inorganic 
aqueous solutions, while the saccharification unit operation is mainly operated with the use of 
enzymes11 – this is often referred to as the biochemical platform. After the pretreatment step, the 
hydrolysate must be treated to remove unwanted lignin and to adjust pH and temperature for the 
next step. The saccharificaiton of unreacted hemicellulose and cellulose is then performed via 
catalyzed hydrolysis. This is because cellulosic material is extremely recalcitrant to 
depolymerization reactions, mainly due to its crystalline structure12. For example, cellulose 
conversion requires a three-step pretreatment and hydrolysis process in order to convert the tightly 
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packed crystalline matrix of the cellulose biopolymer into simple sugars13. Once the sugars have 
been released into the reaction broth, the products must be separated. This unit operation is usually 
comprised of centrifugation, filtration and membrane separation process that detoxify and prepare 
the reaction product for the fermentation step. Afterwards, the cleaned product stream can be 
converted by diverse microorganisms into a multitude of bio-products, as discussed previously. 
Dilute-acid pretreatment, including hydrolysis of hemicellulose, and cellulase enzymes comprise 
a significant percentage of the cost of cellulosic ethanol production, and build the rationale for the 
development of cheaper, more efficient strategies14. Currently, along with the use of enzymes 
pretreatment with dilute sulfuric acid is one of the dominant technologies to hydrolyze 
hemicellulosic biomass, relocate lignin and expose cellulose15 for conversion of biomass to 
monomer sugars. A mixture of cellulase enzymes is thereafter used to break down cellulose 
synergistically. The major downside associated with this technology are slow reaction rates, 
incomplete hydrolysis of cellulose and the degradation of monomer sugars during pretreatment16. 
Furthermore, the cost of the enzymes has been an inhibitory factor for the commercialization of 
biomass conversion technology16. 
Membrane technology has seen tremendous growth in many important applications pertaining to 
the research and development in the energy and bio-energy industrial sectors. Membrane 
separations are usually classified based on their pore size and molecular weight cut-off in 
microfiltration, ultrafiltration, nanofiltration and reverse osmosis. Main advantages of membrane 
separations is that they offer tremendous variation of separation of species based on their nominal 
molecular size, 3-dimensional conformation and physical properties, such as charge and polarity. 
With careful choice of a base membrane and consequent chemical modification additional 
optimization can be accessed for increased selectivity of species that are otherwise complicated or 
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impossible to separate by alternative separation techniques (liquid-liquid extraction, precipitation, 
centrifugation, etc.). More on the membrane separations topic will be discussed in more detail in 
chapter 1.4. 
Here, we propose the development of modified membranes that are to be designed and optimized 
for the integration as separate unit operations into a complete catalytic membrane reactor system 
capable of continuous biomass hydrolysis with by-product formation control and solvent 
recycling. In Figure 1-4 an envisioned membrane reactor system is shown. This is a holistic 
approach to cellulosic biomass hydrolysis, reaction stream detoxifying and solvent recycling. At 
the core of this approach are the two membrane separations. 
The first (catalysis) is a modified membrane by another colleague with dual separation and 
catalysis properties17. By attaching two polymers with poli(ionic liquid) and poli(styrene 
sulfonate) functional groups on the surface, these catalytic membranes can be used instead of 
enzymes to perform catalyzed biomass hydrolysis. In addition to that and with careful 
experimental design, the thermal degradation of monomeric sugars into furfurals and 5-
hydroxymethylfurfural can be overcome. The latter has the potential to mitigate the need of 
detoxifying the product stream prior to the fermentation step. The author’s main evolvement with 





















Figure 1-4: Envisioned catalytic membrane reactor system with the modified membrane unit 
operations for biomass catalysis and ionic liquid recycling. The pressure line is added to control 
membrane permeability. 
The second (IL recycling) is a modified membrane via polyelectrolyte multilayer deposition or via 
interfacial polymerization with the purpose of recycling non-conventional biomass hydrolysis 
solvents, such as ionic liquids (ILs). These membranes constitute the main focus of this work. 
More on the topic of membrane modification, ILs as biomass hydrolysis solvents, their physical 
properties and their use instead of aqueous systems will be expanded in the subsequent chapter. 
1.2. Lignocellulosic biomass hydrolysis 
Biomass is the most abundant renewable raw material, with an estimated global regrowth of          
1.1 x 1011 tons per annum18. Lignocellulosic biomass materials are formed from three main bio-
polymers: lignin, hemicelluloses and cellulose19. Depending on plant species and part of the plant 
(stems, leaves, fruit shells, etc) the average major constituents are lignin (25 wt %), hemicellulose 
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(25 wt %) and cellulose (40-50 wt %)20,21. Table 1-1 shows the approximate mass distribution by 
three categories grasses, hardwoods and softwoods. 
Table 1-1: Typical composition of lignocellulosic raw materials. 
Plant material Lignin, wt. % Hemicellulose, wt. % Cellulose, wt. % 
Grasses 10-30 25-40 25-50 
Hardwoods 18-25 45-55 24-40 
Softwoods 25-35 45-50 25-35 
 
As shown schematically in Figure 1-5, cellulose forms crystalline fibrils with amorphous regions 
that are wrapped by the second most prevalent class of polysaccharide polymers, the 
hemicelluloses. Lignin fills out the cell walls, around the polysaccharides providing structural 
rigidity. Cellulosic and hemicellulosic plant material represent a very promising source of 
fermentable sugars with potential for significant industrial use. They are the raw ingredient for the 




Figure 1-5: Drawing showing schematic structure of plant cell wall with lignocellulosic components. 
Lignin is a three-dimensional, asymmetrical biopolymer consisting of phenyl units. In plant cells, 
it fills out the cell walls which contain primarily linear polysaccharidic membranes providing 
structural rigidity to the cell. Lignin can be found in the cells of vascular plants, ferns and club 
mosses, but less so in algae and microorganisms22. Just like hemicellulose, it is found in the middle 
lamella, the secondary wall and the primary wall of the voids of cellulose microfibrils. It functions 
as a connection between the cells and stabilizes the cell walls of the xylem tissue. Lignin is linked 
to cellulose or hemicellulose via hydrogen bonds and covalently by ligno-cellulose and lignin-
polysaccharide complexes, respectively23,24. The primary building monomers of lignin are the 
coumaryl alcohols, coniferyl alcohols and sinapyl alcohols (Figure 1-6). These are linked 
asymmetrically through C-C and ether bonds giving rise to the three-dimensional structure of 
lignin. Interestingly, most of the linkages in the lignin molecule cannot be hydrolyzed 22. In nature, 
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only a limited group of white-rot fungi is able to completely mineralize lignin to CO2, while some 
soft-rot and brow-rot fungi can induce structural decomposition25. According to Haider25, this is 
an oxidative decomposition process performed by a wide number of microorganisms working 
synergistically. 
 
Figure 1-6: Lignin building blocks: oumaryl alcohol (I), coniferyl alcohol (II) and sinapyl alcohol 
(III). 
Hemicellulose is the other large carbohydrate polymer of lignocellulosic biomass which, 
dependent on the cell type, can be a branched polymer of glucose, xylose, arabinose, galactose, 
fucose, mannose and glucuronic acid26. Hemicelluloses consist of cellulose-like sugar units linked 
together with glycosidic bonds (Figure 1-7) and have a lower degree of polymerization than 
cellulose. Depending on the bond and sugar monomer, hemicellulose are often categorized in 
xylans, mannans, glucomannans or galactans. As opposed to crystalline cellulose, most 
hemicelluloses are soluble in alkaline aqueous solutions24. Hemicellulose are easily decomposed 




Figure 1-7: Example of one type of hemicellulose (arabinoxylan) with β-(1-4)-glycosidic and α-(1-3)-
glycosidic bonds emphasized.  
Cellulose is the most abundant lignocellulosic polymer, as it comprises the main structural 
compartments of the cell walls of lower and higher genus of plants. Cellulose is also the main 
component of the cell walls of algae and fungi, but it is rarely found in bacteria28. It is a long linear 
polymer with glucose units >10,000 that are covalently linked by β-(1-4)-glycosidic bonds29. The 
homogenous alignment of the hydroxyl groups on the cellulose polymer leads to the formation of 
thick network of H-bridges (Figure 1-8) and thus to a fibrillary structure with crystalline 
properties. Some sections of the cellulose molecule are estimated (~15%) to be amorphous12. In 
nature, under aerobic conditions, cellulose decomposes slowly under the action of microorganisms 
such as fungi and eubacteria25. Some families of bacteria can also decompose cellulose slowly to 




Figure 1-8: Cellulose molecule structure showing intra- and intermolecular weak hydrogen bonds 
and the covalent C1-C4 glycosidic bond. 
1.2.1. Enzymatic decomposition of cellulose 
Lignocellulosic material is comprised of two recalcitrant polymers linked by strong covalent 
bonds, shielded by intricate heterogeneous structures and organized in three-dimensional 
structures by dense H-bond networks. This makes their natural degradation complicated, with 
high-molecular enzymes being heavily inhibited by depolymerization products and their catalytic 
action often obstructed by structural intricacy. Typically the depolymerization of cellulose occurs 
by the actions of a consortium of cellulases enzymes, such as endo-1,4-β-glucanases, endo-1,4-β-
glucanases and β-glucosidases30,31. These work together synergistically, to break the three-
dimensional structure of cellulose, expose the glycosidic bonds and break them into smaller 
oligosaccharides and eventually to the monomer glucose. Cellulases can be organized in the 
cellulosome32 of cells or they can be secreted extracellularly. In anaerobic cellulase systems they 
are found in cellulosomes and surface-attached multienzyme complexes, while in aerobic cellulase 
systems they are secreted outside the cell33,34. In nature, most cellulose is decomposed aerobically 
but 5-10% is decomposed by anaerobic organisms in animal rumens, aquatic environments and 
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soils. As with other enzymes the reaction mechanism is comprised of a substrate-binding site and 
a catalytic center performing the bond cleavage35. 
1.2.2. Chemical decomposition of cellulose 
The cellulose polymer can be broken into polysaccharides, oligosaccharide and further into di- and 
monomers in the presence of a strong acid by addition of a water molecule per broken bond (acid 
hydrolysis). The latter breaks the covalent glycosidic bond leaving a potential aldehyde group 
possessing reducing power36. Hydrolysis of the cellulose molecule can occur only after the 
crystalline structure (H-bonds) of cellulose is destroyed from swelling in concentrated acid37,38. 








The choice of acid and its concentration significantly affects the kinetics and course of cellulose 
hydrolysis. In 40% hydrochloric acid, cellulose degrades only to smaller oligosaccharides at 
around 30°C12. The same smaller glucose polymers are hydrolyzed to glucose via a first-order 
mechanism only at higher temperatures39. The reaction pathway of acid hydrolysis of cellulose to 
glucose is widely accepted40-44 to proceed from the protonation of glycoside oxygen. This is shown 
schematically in Figure 1-9. In the first step, an intermediate complex between glycosidic oxygen 
and a donated proton is rapidly formed followed by the slow (reaction determining step) splitting 
of glycosidic bonds induced by the addition of a water molecule. The carbonium cation that was 
formed in the previous step has two cleavage possibilities, depending on the protonation site, as 
seen in Figure 1-9. If the glycosidic oxygen is protonated, the reaction follows path P-I, if the 
carboxylic oxygen is protonated then it follows path P-II. Other reaction paths have been 
discussed45  but are less widely accepted12.  
17 
 
The severity of the reaction plays a very important role, as glucose can be easily further hydrolyzed 
to 5-hydroxymethylfurfural, humins and simple organic acids46 (e.g. levulinic acid, formic acid).  
For fermentation purposes, most of the latter glucose decomposition products are inhibitors and, 
as such in this work they are deemed undesired hydrolysis products. The catalytic membrane 
presented in Figure 1-4 can combat the dehydration of glucose by membrane removal immediately 
after its formation. 
 
Figure 1-9: Reaction pathways for cellulose acid hydrolysis. n is typically 400-1000 monomers. 
Adapted from Dr. L.T. Fan12. With permission from SpringerLink. 
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1.3. Ionic liquids 
In this work we are using ionic liquids (ILs) as reaction solvents for biomass hydrolysis47-49. The 
colleague modifying the catalytic membranes has been conducting promising experimental work17 
with the ILs shown in Table 1-2 and we have used their reaction hydrolysates as well as model 
feeds to test the separation performance of our IL recycling membranes, as described previously 
in Figure 1-4. 
Table 1-2: Commercial pricing list of ionic liquids commonly used with biomass hydrolysis. 
 
 
As eloquently rationalized by Seddon51, to describe all types of ionic liquids, that are estimated at 
an astounding number of 1012 theoretical possible combinations52, as merely “molten salts” is “as 
archaic as describing a car as a horseless carriage”. What he was trying to emphasize is the very 
wide palette of physico-chemical properties different ionic liquids can possess and their immense 
potential as novel solvents.  However, in the context of lignocellulosic biomass treatment, ionic 
liquids are commonly defined simply as salts that are found in liquid form at around or below 
100°C. The low melting point range of the ILs is important, mostly because it can mitigate 
solvolysis of the biomass components. In 1934, Gaenacher53 first recognized the dissolution 
Ionic liquid MW, Da Solubility of cellulose
50, 
wt.%  Market price, $/kg 
C2mimOAc 170.21 ~ 20 1,015 
C4mimOAc 198.26 ~ 19 881 
C2mimBr 191.07 ~ 2 3,420 
C4mimBr 219.12 ~ 25 1,982 
C2mimCl 146.62 ~ 14 419 
C4mimCl 174.67 ~ 10 340 
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property of N-ethylpyridinium chloride with cellulose, but it did not caught the attention of the 
scientific public since it only worked in the presence of nitrogen-containing bases and at relatively 
high temperature of 118°C. Later, in 2002, the extensive works of Rogers et al and Swatloski et 
al54,55 tested the feasibility of imidazolium ionic liquids for the dissolution of cellulose. Their 
successful experimental work drove the interest in these novel solvents further as many other 
combinations of cations and anions emerged (see Figure 1-10 for some examples). Then, a new 
trend was born. Some examples of ILs application are as biomass solvents56-58, for the preparation 
of cellulose fibers and films59-61 or to make cellulose composite materials62,63 as well as many other 
lignocelluosic biomass handling and reaction processes.  
 
Figure 1-10: Examples of cations and anions used as ILs in biomass dissolution and hydrolysis.  
ILs are excellent cellulose solvents with low vapor pressure, low toxicity, low melting points and 
high mass loadings (up to 39 wt %) 57,64. The chemistry of dissolution is a subject of much debate 
in the literature, especially aggravated by the misleading data and understanding of dissolution 
versus decomposition. According to Wang et al50 whose group wrote an excellent review on the 
subject, there seems to be much consensus on the properties of the anions, while the effects of 
cations still remain mostly controversial.  
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1.3.1. Mode of cellulose dissolution by ionic liquids 
Anions that are powerful hydrogen bond acceptor are more efficient in solubilizing cellulose. Low-
basicity anions such as dicyanamides are better at dissolving simple monomeric sugars65 and not 
very efficient at dissolving cellulose66. ILs containing non-coordinating anions such as BF4- or PF6- 
are unable to dissolve cellulose67. The degree of cellulose polymerization, the process of 
purification and inherent structural modifications make it complicated to estimate exactly which 
anions will perform better but according to Wang et al50 the capabilities of the following anions 
decrease in the following order: OAc- > Cl- > HCOO- > DCA- = NTf2- and have to be in an excess 
of at least 1.5-2.5 anion:free hydroxyl groups67. Overall, it seems that the anion’s most important 
role is its size and the ability to penetrate the cellulose three-dimensional structure and disrupt the 
dense H-bond network keeping the crystalline structure strong. 
Cations have a more controversial role in cellulose dissolving but they seem to be largely 
accountable for the structural resilience of ILs, as some are susceptible to decomposition when 
used in reactions systems with high severity68. Ionic liquids containing imidazolium, pyridinium, 
ammonium and phosphonium cations have been more widely adopted for biomass work and most 
of the understanding underlying the dissolving of cellulose stems from experimental work with 
these. Wang et al50 and Tadesse et al18 suggest that a lot more work needs to be done with other 
molecular species for more conclusive remarks to be formed. However, the effect of cations can 
be summarized with the fact that aromatic cations seem to work best. This is believed to be the 
case due to their ability to shield anion/cellulose polymer complexes, due the fact that aromatics 
are more easily polarized because of their delocalized charge that forms weaker cation/anions 
electrostatic bonds53,69. As with the anions, the carbon chain length of cations seems to have an 
effect on the cellulose dissolving with decreasing power as the chain length increases70. 
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Furthermore, the presence of oxygen atoms in the side chains of cations is believed to interfere 
with efficient hydrogen bonding of the anion to the cellulose molecule65. 
1.3.2. Cellulose hydrolysis with ionic liquids 
Ideally, the dissolution and depolymerization of lignocellulosic biomass can be combined into one 
unit operation. That is, biomass containing all three macropolymers that has been only mildly 
pretreated, for example by comminution or other physically disruptive method, can be fed into a 
process that releases monomeric sugars and somehow separates the lignin as well. There are many 
hurdles still needed to be addressed before this ideal can be realized. For example, while there are 
ionic liquids out there that can be used to selectively cleave the covalent bonds holding the lignin 
and then precipitate it, there is still a need to harvest the monomeric sugars before they degrade. 
Biocatalyst are usually susceptible to inhibition even from minute amounts of ionic liquids, so an 
additional step of cleaning the reactants is necessary. Water is needed for the hydrolysis reaction, 
but adding it in concentrations higher than 20% w/w tends to reduce biomass solubility and even 
precipitates the reactants. Recycling of the expensive ionic liquids is still very complicated and 
thus a major cost drawback. Therefore much more complicated, online controlled reaction systems 
and intricate strategies need to be developed before economically feasible large scale dissolution 
and depolymerization systems can breach the bench scale. There are several studies that have 
investigated the feasibility of the aforementioned strategies and we present a few here.  
Under mild reaction conditions (~140°C, 1 atm, ~24h) and without an added acid catalyst, 
cellulosic raw material dissolved in certain ionic liquids can be almost fully depolymerized (97% 
total reducing sugar yield) into its water-soluble building blocks46. Zhang et al46 performed 
experimental and computational work with ionic liquid-water mixtures as solvents for cellulose 
dissolution and hydrolysis. Interestingly, they observed a catalytic effect of the solvent mixture 
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with surprisingly high total reducing sugars yields (>90%) at diverse amounts of added water, 
temperature (90-140°C) and reaction times (1-24h). From computational data they attribute the 
catalytic effect of the solvent mixture due to a markedly increase in the water dissociation constant 
(Kw). The enhance in the dissociation constant and thus the increase in H+ ions is due to the 
autoionization of water molecules in proximity to the IL. This property mimics that of subcritical 
water (340°C, 27.5 MPa71) but under much milder conditions and, if honed intensively, is 
considered to be of significant value when used for biomass hydrolysis. 
By combining a solid catalyst with ionic liquid/water reaction media, Rinaldi et al72 researched 
the hydrolysis of commercial α-Cellulose in 1-butyl-3-methylimidazolium chloride. They added 
macroreticulated acid resins (commercial name Amberlyst 15DRY) and minute amounts of water 
and were able to reach a 30% glucose yield after 3h. Qian et al73 developed a novel solid polymeric 
acid catalyst for use with 1-butyl-3-methylimidazolium chloride/water and 1-ethyl-3-
methylimidazolium chloride/water solvents for fast (~6h) α-Cellulose depolymerization at 130°C. 
Poly(vinyl imidazolium chloride) and poly(styrene sulfonate) chains have been grown from the 
surface of commercial inorganic membranes and so dual-functioning membranes were produced. 
Using atom transfer radical polymerization (ATRP) and UV-initiated polymerization they grew 
the chains in different lengths and crosslinking degrees. The poly(vinyl imidazolium chloride) or 
poly(ionic liquid) chains act to solubilize the biomass reaction feed in the proximity of the acid 
poly(styrene sulfonate) chains. 
The research group conducted hydrolysis reactions with the two ILs and measured total reducing 
sugars yields after 2-24h reaction times at 130-140°C. They found an optimized total reducing 
sugar yield of 97.4% for 6 hours reaction time using a ceramic membrane modified at UV initiator 
immobilization time of 15 min and 24h ATRP grafting time. 
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Deliberate in situ hydrolysis of dissolved lignocellulose with ionic liquids and added strong acids 
catalyst is still a subject of interesting academic small scale studies74. A successful 
commercialization attempt is under way by the start-up Hyrax Energy75. One of their concepts 
involves the hydrolysis of hemicellulose and cellulose in monomers and oligomers using strong 
water soluble acids, such as sulfuric acid. Since the biomass is completely solubilized in the ionic 
liquid, there is no regeneration step required and the enzymatic saccharification step is not 
required. This method when compared to the biocatalysis of biomass has the advantage of being 
faster. There are other similar studies of in situ hydrolysis of pure cellulose76-78 typically done with 
imidazolium ionic liquids and catalytic amounts of strong acids. The consensus is that only the use 
of acids with pKa’s < 1.0 results in hydrolysis with appreciable glucose yields76. Binder and 
Raines77 added water in increments and observed 70-80% and 10% yields of glucose and 5-
hydroxymethyl furfural, respectively. Zhang et al79 added N-methylpyrrolidinone (NMP) to the 
reaction mixture and obtained 69% total reducing sugars and 39% glucose yield at only 70°C. The 
addition of the co-solvent NMP is a modification of the previous strategies presented and it role is 
to accelerate dissolution substantially. 
Even though the combination of dissolution and hydrolysis in “one-pot” reactions has tremendous 
potential for the biorefinery concept, it still suffers of many road-blocking drawbacks. From a 
processing perspective, the separation of sugars from IL and the recycling of the IL is still an 
issue74 that needs to be further improved before large scale economically feasible setups can be 
advanced.  
1.3.3. Separation techniques for biomass hydrolysis applications 
For the realization of a fully integrated and economically feasible biorefinery - the integrated 
biorefinery concept was defined in a previous chapter - there are several important unit operations 
24 
 
that require continuous improvement and optimization. Depending on the reaction system used, 
the main classes of compounds that are present in the reaction broth after the hydrolysis reaction 
can be categorized into: unreacted biomass, short chain soluble hydrolysis products (e.g. 
cellobiose), monomeric hydrolysis products (glucose, fructose, xylose, etc), degradation products 
(HMF, furfurals, humins, organic acids), catalyst (enzyme, solid acid catalyst or soluble acid 
catalyst) and solvents (ionic liquid, water, other organic solvents). In the previous chapter, methods 
and strategies that aim at combining both dissolution and depolymerization have been presented. 
One of the major drawbacks with those is the problematic separation of ionic liquid and monomeric 
sugars that are released during acid hydrolysis. Many of the ionic liquids that have excellent 
properties for biomass dissolution and hydrolysis have molecular weights similar to the sugar 
monomers (Table 1-3). 
Table 1-3: Molecular weights of sugar monomers released during acid biomass hydrolysis and of 



























For this reason, separation techniques that make use of molecular size differences, such membrane 
separation by size-exclusion, are unusable if high selectivity is desired. There are many articles on 
the use of anti-solvents to precipitate lignin or cellulose in dissolution systems or unreacted 
cellulose in hydrolysis systems80-83 but it should be clear that that principle does not work when 
wanting to selectively recover the ionic liquid from monomeric sugars. While lignin or cellulose 
can be precipitated with the simple addition of water or other organic solvents such as ethanol or 
acetone that competes for H-bonding, this cannot be accomplished with glucose or xylose, or any 
simple sugar for that manner. Here, we review some examples that deal with ionic liquid recovery 
from biomass hydrolysates. Rinaldi et al72 precipitated the unreacted cellulose oligomers by water 
addition and then ran the hydrolysate through a neutral alumina column to remove the acid content. 
Water content was reduced by vacuum distillation, taking advantage of the low vapor pressure 
properties of the 1-butyl-3-methylimidazolium chloride. No attempt was made to recover the 
glucose and other small molecules, which the authors expect to accumulate over the course of 
repeated cycles recycling. They propose the stopping of reaction at the cellooligomer stage to 
counteract the latter and report an estimated 91% recycling efficiency of IL. Wei et al84 reused 
[C4C1im]Cl 7 times in the process of legume straw fractionation with ionic liquid water mixtures. 
The recycling procedure was simply removal of water and they observed an increase of recovered 
pulp after the 4th cycle. Mai et al85 used ion exclusion chromatography to recycle 
[C2C1im][MeCO2] from non-volatile sugars. Francisco et al86 researched the adsorption of glucose 
onto zeolites from ionic liquid hydrolysates and their subsequent desorption in water. Shill et al87 
present an alternative procedure of recycling ILs and reconditioning them for multiple use. ILs 
have the property of forming a biphasic system when combined with an aqueous solution 
containing an kosmotropic anion, such as sulfate, phosphate or carbonate. The binodal curves for 
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these mixtures have been fitted to the Merchuk equations and reported previously88. The recovery 
of the IL phase in these mixtures depends on the concentration of the salt and its position in the 
Hofmeister series. In order of decreasing recovery these are K3PO4>K2HPO4>K2CO3 87. The 
recovery of [Amim]Cl was reported to be 96.8%88 and over 95% for [Emim]Ac and [Bmim]Ac72. 
Hazarika et al89 used a commercial nanofiltration membrane and attempted to recover small 
concentrations (0.01 – 0.03 mM) of 1-n-butyl-3-methylpyridinium tetrafluoroborate from model 
water/IL mixtures. They reported a rejection of 98.4% without further detail on reuse of IL. 
As discussed previously, ILs have been shown to accelerate the saccharification process when 
combined with small amounts of water73. Furthermore, in combination with the solid acid 
membrane catalyst discussed earlier they form a re-usable reaction environment when compared 
to cellulose enzyme cocktails. However, the cost of the aforementioned solvents is inhibitory to 
the development of large scale processes (see price / kg of IL in Table 1-2) and this builds the 
rationale for the development of novel membranes that are capable of selective separation of 
reaction products from the expensive solvents. This is a novel and challenging endeavor as 
classical size separation is rendered complicated if not impossible due to the similar molecular 
weight of both sugar monomers and ILs, which are in the range of 150 – 200 Da. With careful 
tuning of the selective layer chemistry we attempt to tweak on other properties such as surface 
charge and hydrophobicity to attain a mediated selective separation of the charged IL molecules. 
Details about the chemistry of modification and the separation efficiency of the modified 





1.3.4. Quantitative measurements 
Ionic liquids  
Ionic liquids have been reported to show peculiar properties when mixed with water in high 
quantities. For example, Liu et al90 show a plot of four different ILs (including BmimCl) where 
the specific conductivity in mS/cm follows a bell shaped curve increasing from below 1 M aqueous 
solution, reaching to a maximum at 2 M and then decreasing again towards 7 M. 
We wanted to make sure that we are conducting rejection experiments in the linear region and so 
we prepared calibration curves with BmimCl, EmimCl and EmimOAc and observed the ensuing 
trend. Throughout the analyzed range we did not observe the bell shaped character. We also 
prepared mixtures of ILs and hydrolysis sugars (glucose, xylose, fructose and cellobiose) to test 
interference with the sugar analysis method and also did not observe any peculiarity in the 
calibration curves. The ionic liquid concentration was quantified using a handheld conductivity 
meter from VWR (Symphony SP70C, Houston, TX) equipped with a 2-electrode conductivity cell 
of epoxy/platinum and a nominal cell constant of 1.0 cm-1 (Thermo Scientific, Beverly, MA). 
Hydrolysis sugars 
High-performance liquid chromatography (HPLC) can be successfully used in the quantitative 
determination of small molecular weight sugars that are representative for biomass hydrolysates. 
In this work we have used two different HPLC columns with customized analysis protocols to 
establish calibrations curves for the following sugars: Cellobiose, Glucose, Xylose and Fructose. 
For the determination of sugars from IL solutions, we have used the colorimetric 3,5-
dinitrosalycyclic acid (DNS) method. Both HPLC and DNS methods are described in the materials 
and method section of chapter 2. 
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1.4. Membrane separations 
1.4.1. Membrane separation and classification 
Membranes are versatile separation tools that can be found in all chemical, biochemical, 
pharmaceutical and environmental industrial branches. When the molecular weight-cut off 
between a desired molecule and the contaminating molecules (e.g. cell debris from a fermentation 
broth) is large enough, membranes can easily be employed to separate the previous from the latter. 
Depending on their pore size, membrane can be generally classified into microfiltration (<10 µm), 
ultrafiltration (<0.1 µm), nanofiltration (<0.01 µm) and reverse osmosis (<0.001 µm). This is 
schematically summarized in Figure 1-11. Each class of membrane has found countless 
applications in relevant industries. 
 
Figure 1-11: Membrane classification with typical working pressure, pore size and rejected species.  
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For example, microfiltration membranes are often used as a first step in polishing a desired protein. 
In more complicated cases, the surface of the membrane can be tuned in such a way to alter or add 
additional properties to the base membrane. For example, membrane surface charge can be 
changed (positive to negative or vice-versa) with the deposition of polyelectrolytes or, as another 
example, catalytic end groups can be grafted on the surface.  
One can think of a membrane as an interface, which materializes as a thin barrier layer controlling 
the mass transfer exchange between two phases. The two phases are usually referred to as feed and 
permeate, with the latter containing the feed solvent with less or nearly none of the rejected 
compounds (Figure 1-12). The mass transfer is controlled not only by the external forces and the 
fluid properties but also by the characteristics of the film material, e.g. the membrane. 
 
Figure 1-12: Representation of membrane separation by size-exclusion. The feed side contains 
molecules of different sizes and these can permeate the membrane through channels called pores. 
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By changing the surface chemistry and morphology of a base membrane, new or improved 
performance properties such as increased resistance to fouling, higher permeability and selectivity 
as well as higher rejections can be obtained. From conducting such modifications to base 
membranes, modified membranes could then serve not only as a separating tool but also as a 
catalyst or adsorber, thus saving time and resource in real-time reaction processes. Multi-
functional modified membranes have, therefore, the potential to combine multiple unit operations. 
By integrating them in the design of chemical or bio-chemical reactors, new avenues are created 
for economically more feasible reaction processes. 
1.4.2. Market relevance of membrane technology 
The global market for membranes and membrane modules sales in 1998 was approximately $4.4 
billion, including gas and liquid separation processes92. The US share was at least 40% and 29% 
were shared by Europe and the Middle East93. With an estimated net annual growth rate (CAGR) 
of 6.6%, the membrane sales surpassed $5 billion in the US alone at the beginning of 2005. In 
1998 hemodialysis had the largest consumer market followed by microfiltration, ultrafiltration and 
reverse-osmosis, respectively. About 50% of the reverse-osmosis market was monopolized by 
Dow/FilmTec and Hydranautics/Nitto products. Current other large manufacturers are DuPont, 
Osmonics, Pall and Millipore.  
Currently, the global market for all membrane separations is expected to grow at a CAGR of 9.47% 
and is projected to reach a value of 32.14 billion by 202094. Ceramic membranes is the membrane 
segment projected to grow at a CAGR of 11.96% between 2015 and 2020 due to their outstanding 
performance under harsh parameters and their less likeliness to foul. However, their fast market 
expansion is limited by their high cost of manufacture. Other membrane types such as ion-
exchange and carbon membranes have a cumulated CAGR of 12.05%. The latter types are 
31 
 
especially growing in interest for battery and energy applications. Nanofiltration technology is 
amongst the separation technology with the highest CAGR of 12.55%. Due to the trend in political 
incentives, their main applications are in water and waste water treatment. In all the membrane 
separation classes, novel modified membranes are expected to emerge for very specific 
applications and gain on the global market with their versatility. 
Membranes have become essential, well-established technologies for water desalination, waste-
water treatment, energy generation, bio-pharmaceutical production, food packaging as well as 
other industrially significant products. When compared to industrially produced membranes, 
modified membranes are usually tailor-made for very specific applications and, in this report, we 
will focus mainly on catalytic membranes for membrane reactors. For example, enzymes can be 
covalently attached to ceramic membranes using glutaraldehyde and a previously adsorbed 
polymer (e.g. gelatin) giving rise to a series of advantages. The immobilized enzyme will provide 
catalytic function while the membrane will remove the necessity of subsequent catalyst separation 
and recovery. Polymers with functional groups, such as acidic sulfonate groups, can be grown or 
attached on the surface of base membranes for a similar dual function. A more unique and possibly 
less exploited modification technique is that of pore-filled membranes with diverse chemical or 
bio-chemical catalysts. For this procedure, the larger porous side of a membrane is filled with 
catalytic material and then inserted “upside-down” in the membrane holder, that is, with the feed 
entering through the lager porous size. 
Membranes can also be classified according to their nature, geometry and separation regime. 
Specifically, they can be classified into organic, inorganic and hybrids of the latter two. The choice 
of membrane type to be used in membrane reactors depends on parameters such as the productivity, 
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separation selectivity, membrane life time, mechanical and chemical integrity at the operating 
conditions, and process costs.  
When membranes are incorporated in reactors, the resulting setup is often referred to as membrane 
reactor. This setup adds tremendous potential to membrane technology due to the possibility of 
online control, automatization and unit operation combination. 
1.4.3. Nanofiltration 
The separation limits of nanofiltration membranes is often expressed with the molecular weight 
cut-off (MWCO) value. This represents the molecular size in Dalton (Da) units of an idealized 
molecule which the membrane can reject to 90% or higher. The MWCO of commercially available 
nanofiltration membranes lies in the range of 200 – 1000 Da, between the ultrafiltration and reverse 
osmosis ranges (Figure 1-11). Mass transfer in nanofiltration is based on two mechanisms: sieving 
and charge effects95,96. Diffusive transport of uncharged molecules remains pressure independent 
but concentration dependent, while convective transport increases with pressure97,98. Typical 
pressures for nanofiltration applications are above 5 bar99, but these can vary a lot with different 
systems. Major applications of nanofiltration include the fractionation of salts100, 
oligosaccharides101, small sugars102 and other molecules, in water treatment103-105 as well as for 
rejections in organic solutions99. For example Mahdi et al.102 attempted to modify nanofiltration 
membranes from depositing polyelectrolytes on the surface of poly(ethersulfone) and they attained 
increased selectivity for disaccharide versus monosaccharides. Zhang et al.106 used interfacial 
polymerization from combining the usual trimesoyl chloride with a natural material (tannic acid) 
to fabricate novel composite material membranes that showed good permeability and increased 
anti-fouling properties. Yung et al.107 incorporated ionic liquids in the aqueous phase of interfacial 
polymerization and developed nanofiltration membranes with comparably better rejection and flux 
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than commercial NF-270 and NF-90 from Dow Filmtec. More recently, a paper published in 
Science108 advanced the applications of modified nanofiltration membranes by developing very 
smooth or crumpled sub-10 nm selective interfacial polymerization layers with excellent 
permeability towards organic solvents.  
Due to their versatility when considering the design of membrane (or membrane reactor) systems, 
nanofiltration technology has found many application in the food sciences as well109,110. Notable 
applications are in the volume reduction, selective separation, desalination and fractionation of 
plant juices and extracts and in the dairy industry for post-processing of dairy products. For 
example the concentration of health-beneficial polyphenols from fruit juices has seen recent 
development. Versari et al.111 used nanofiltration membranes to concentrate grape juice and to 
increase the sugar content in the concentrate for wine production. Cassano et al.112 used 
nanofiltration membranes with molecular weight cut-off in the range 200-1000 Da to recover 
bioactive compounds from artichoke brines. 
In this work we use commercially available ultrafiltration membranes and proceed by modifying 
their selective layer for nanofiltration applications. The surface chemistry is modified via layer by 
layer polyelectrolyte deposition or from growing polyamide thin layers. The chemical 
modifications allow for control and tweaking of mass transfer properties and thus of rejection and 
permeability. The two modifications procedures will be treated in more details in chapters 2 and 
3. In chapter 4 we use two commercially available nanofiltration membranes to optimize the 
concentration of polyphenols from blueberry pomace and then build a custom crossflow membrane 
system to test its feasibility in the continuous volume reduction of blueberry extract. 
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1.4.4. Fouling of nanofiltration membranes 
Membrane separation technology offers many advantages for diverse industrial applications, many 
of them pertaining to downstream unit operations. These advantages include no phase changes 
(with the exception of some membrane separations, such as pervaporation), simpler scale up than 
other similar methods, relatively low energy consumption, often simple experimental/mechanical 
setup, low maintenance costs and less space requirement113. However, most membrane process are 
plagued by concentration polarization and subsequent fouling and cake formation which decrease 
flux, can affect rejection and also shorten membrane life. As such, membrane fouling is one of the 
important economic challenges for industrial processes114. Membrane fouling can be defined as 
the process that leads to loss of performance of a membrane due to deposition of dissolved or 
suspended molecules on its active surface, at its pore openings or inside the pores115. Depending 
on how much of the initial performance in terms of permeance can be recovered from simply 
washing with water, the severity of membrane fouling can be classified in: (i) reversible fouling; 
(ii) irreversible fouling. 
 




In Figure 1-13 a schematic shows what happens during rejection of compounds from a feed 
containing compounds of different molecular sizes. During concentration polarization (CP), 
compounds found on the feed side start to agglomerate near the surface of the selective layer and 
form the CP boundary layer. The boundary layer thickness can be used to quantify the extent of 
concentration polarization. Schäfer et al116 summarized what are the most important effects that 
could increase membrane fouling in nanofiltration or reverse osmosis separations: 
(i) chemical reaction of solutes with membrane material 
(ii) adsorption of low molecular mass compounds at the membrane polymer 
(iii) irreversible gel formation of solutes 
(iv) bacterial growth 
(v) deposition of dispersed fine or colloidal matter 
(vi) precipitation of substances that have exceed solubility threshold. 
In nanofiltration, the separation process is driven by pressure and the mass transfer proceeds by 
convective and diffusive transfer. For salt separations, additional electrostatic interactions play an 
important role in concentration polarization and thus affect membrane performance. E.g. a Donnan 
effect stemming from the membrane surface charge can lead to a difference in rejection according 
to ion charge interactions 117. In any case, membrane fouling can be a complex phenomenon and 
any or all of the aforementioned mechanism can work together to decrease membrane 
performance. Therefore, recovery methods have to be developed to decrease the negative effects 
of fouling and recover the membrane performance. Typical recovery methods include washing 
with water, sonicate, wash with other solvents such as ethanol, methanol, mild acids or mild bases 
or thermal treatments118.  
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1.4.5. Membrane reactors 
The modified membranes of this work, as depicted in Figure 1-4, were designed and optimized as 
part of the intention to be implemented in a membrane reactor setup. In this subchapter we describe 
the membrane reactor and then provide the reader with several literature reviewed examples of 
such setups which inspired the writer to develop his ideas.  
According to IUPAC, the definition of a membrane reactor is a system capable of concomitantly 
performing a chemical (or bio-chemical) reaction and a membrane-based separation, all within the 
same physical device. As such, the membrane not only plays the role of a separator, but can also 
take a role in the reaction itself (catalytic membrane). Both organic and inorganic membranes can 
be successfully employed in the design of membrane reactors. The table below summarizes some 















Table 1-4: Advantages of inorganic membranes with respect to organic membranes. 
Advantages Disadvantages 
Long-term stability at high temperatures High capital cost 
Resistance to harsh environments (e.g. pH) Embrittlement phenomenon 
Resistance to high pressure drops Low membrane surface per module volume 
Inertness to microbiological degradation Difficulty of achieving high selectivities in large microporous membranes 
Easier to clean after fouling Not many manufactures available 
Easier catalytic activation Difficult membrane to design module sealing at high temperatures 
 
Inorganic membranes are usually more costly than polymeric membranes. However, they possess 
advantages such as resistance towards solvents, high mechanical stability and elevated resistance 
at high operating temperatures. Therefore, in some cases, although the capital costs of ceramic 
membranes are higher than those of polymeric membranes, their prolonged operational lifetime 
can balance out the initial costs119,120. On the other hand, polymeric membranes are more 
affordable and their surface chemistry is often easier to modify and tune according to application 
requirements.  
Membrane reactors can be designed with several main operating configurations. These can be seen 




Figure 1-14: Two approaches in membrane reactors: the extractor membrane (above) and the 
distributor membrane (below) 121,122. 
The extractor (Figure 1-14, above), which can used for increased reactant conversion. For 
example, in the generic reaction A + B goes to P1 + P2, by removing the desired product P2 not 
only can the downstream process be simplified but also the equilibrium of the chemical reaction 
can be shifted towards the product side. The second class of operating membrane reactor is the 
distributor (Figure 1-14, below), which can be used for increased selective product formation. For 
example, in a generic reaction with A + B goes to P1, where, at high B concentration also product 
P2 is formed, a controlled feed rate of B can be used to selectively inhibit the production of the 
undesired product P2. Thus, with the possibility of using a large variety of organic and inorganic 
base membranes that each can be modified with many unique functionalities, the amount of 
modified membranes that can be potentially implemented in membrane reactors becomes 
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considerably vast. Most of the other configurations, that tend to be even more application-specific, 
are usually designs derived thereafter. Some examples are the: 
• catalytic membrane reactor, 
• packed bed membrane reactor, 
• catalytic nonperm-selective membrane reactor, 
• nonperm-selective membrane reactor and the 
• reactant-selective packed bed reactor. 
A first example for a specific application are modified membranes for fuel cell applications. A fuel 
cell is an electrochemical device that converts chemical energy directly into electrical energy. 
While the most common membranes used are Nafion® or modified versions of it, some 
advancements have been made using others base materials. E.g. Gohil et al123 developed novel 
pore-filled polylectrolyte membranes using etched polycarbonate as base membrane that were 
filled with poly(vinyl alcohol). The poly(vinyl alcohol) deposited inside the porous materials was 
stabilized by crosslinking the filling material matrix with glutaraldehyde. The scientists tested their 
novel materials in cathodic microbial fuel cells by assessing the deposited amount of filling 
material and its correlation to their peak power density measured in mW/cm2. They found that the 
performance is highly dependent upon physico-chemical properties such as water uptake, proton 
conductivity and gel content and concluded that the water and hydronium anions inside the pores 
act a proton transfer medium making them ideal for microbial fuel cells applications.  
Another team of scientists124 developed an active, selective and durable water-gas shift catalytic 
membrane for use in membrane reactors. The authors screened the most promising combination 
of Rhodium/Lanthanium/Platinum/Silicon catalyst and compared this to the more common 
Chromium/Iron catalyst to produce ultrapure hydrogen (<10 ppm of CO). The Fe-Cr are the most 
often used catalysts in fuel cell membrane reactors where they are employed in the industrial 
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purification of hydrogen, which is to be used to produce ammonia and other petrochemical 
products125. This type of catalysts were shown to be very selective under steady-state operation. 
However, Liu et al126 have shown that the stability of Fe-Cr catalysts is adversely affected by often 
stop-start operation modes and chromium toxicity is also another downside. After screening 
different parameters and catalyst recipes, the researchers concluded that the Pt(0.6)/La2O3(27)SiO2 
combination resulted in the most active, non-methane forming and the most stable under the water-
gas-shift reaction conditions catalytic membrane. 
 
Figure 1-15: Membrane reactor scheme. Reprinted from Liu et al. 126, copyright (2005), 
with permission from Elsevier. 
Previously discussed examples of applications were modifications of polymer membranes. 
However, and more often now, inorganic membranes, such as ceramic membranes, are attracting 
the attention of scientific research. In a current article, Arca-Ramos et al127 looked that the potential 
of a ceramic membrane reactor for the laccase-catalyzed removal of bisphenol-A from secondary 
effluents. Endocrine disrupting compounds, which are found in communal waste waters, have been 
suspected to alter the functions of the endocrine system and, thus, cause adverse health effects in 
living organisms or their offspring128. Natural and artificial endocrine disrupters are released into 
the environment through sewage systems, because conventional wastewater treatment plants can 
only partially degrade the hormone compounds. One viable solution is through the use of bio-
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chemical treatment with enzymes, such as laccase. Laccase are promising catalysts, because they 
only require O2 as final electron acceptor in order to catalyze the oxidative degradation of the 
endocrine disrupters into products that lack the associated hormone-mimicking activity129.  The 
main goal of the researcher team was to develop a catalytic membrane reactor for continuous 
removal of a hydrophobic micropollutant, contained in a model wastewater feed. Nearly complete 
removal of bisphenol A (95%) was achieved under the investigated parameters.  
 
Figure 1-16: Continuous enzymatic membrane reactor. The reactor consists of a stirred tank reactor 
coupled to a ceramic membrane, which prevented the sorption of the pollutant and allowed the 
recovery and recycling of the biocatalyst. Reprinted from Arca-Ramos et al. 127, copyright (2015), 
with permission from SpringerLink. 
Xu et al130 designed a monolithic catalyst for biodiesel production in a fixed-bed membrane 
reactor. The research group deposited Ca-Mg-Al hydrotalcite as a second carrier on the inert 
honeycomb ceramic surface of a base membrane and then loaded KF on the support as an active 
component. Then then KF/Ca-Mg-Al hydroalcite/honeycomb ceramic monolithic catalyst was 
packed in a membrane reactor system for the production of biodiesel from the transesterification 
of soybean oil and methanol. The monolithic catalyst was evenly embedded in the ceramic 
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membrane, the shape of the honeycomb-like base membrane can be seen in the figure inset. For 
the chemical reaction, soybean oil and methanol were added into the feedstock vessel in a molar 
ratio of 1:24, where the reactants were well mixed. The reactant mixture was then pumped into the 
membrane reactor and the unreacted methanol was recycled back in the feed loop. Biodiesel yield 
up to 91.7% were obtained and the catalyst showed a reasonable stability, according to the authors. 
As stated before, when it comes to a process that includes the combination of a reaction or 
conversion with separation, membranes have mainly found application in a sequential mode, with 
the reaction part followed by the separation part. The integration of both reaction and separation 
in the same physical unit has then been defined as a membrane reactor. The general advantages of 
membrane reactors as compared to sequential reaction-separation systems are: higher reaction 
rates, lower energy requirement, possibility of heat integration and reduced secondary product 
formation. With these advantages in mind, compact process equipment that can be operated with 
a high degree of flexibility has been envisioned and developed131. Furthermore, because of the 
capacity to reduce undesired reaction product formation and because of the more efficient use of 
energy, the development of membrane reactors has paved the way to more sustainable processes 
for the future132,133. 
Disadvantages of catalytic membrane reactors remain the fact the industry is still not ripe in this 
area and as many hurdles are overcome new issues are being discovered134. The amount of catalyst 
and its stability on the membrane support are key concerns that need to be addressed135. Scaling 
up the modification chemistry from lab scale to industrial scale will impose great difficulties as 
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Abstract  
Nanofiltration membranes have been developed by interfacial polymerization using base PES 
ultrafiltration membranes.  By varying the concentration of the reactive monomers present as well 
as the reaction conditions, the structure of the polymerized barrier layer has been modified.  Here 
the ability to concentrate low molecular weight sugars while allowing dissolved ionic liquids in 
aqueous solution to be recovered in the permeate has been investigated for application in biomass 
hydrolysis. The results obtained here indicate that the selectivity for 1-butyl-3-
methylimidazoliumchloride (BmimCl) over glucose can be as high as 36.6. The membrane 
permeance was 2.31 L m-2 h-1 bar-1. 
2.1. Introduction 
Ionic liquids are molten salts at room temperature which are non-volatile and therefore have no 
measurable vapor pressure.1 Today they find applications as electrolytes in batteries, lubricants in 
bearings and as green solvents.2,3 Numerous studies indicate that ionic liquids could be an 
emerging solvent for pretreatment of lignocellulosic biomass.4-6 Due to the very high recalcitrance 
of lignocellulosic biomass, deconstruction of the biomass is essential prior to fermentation. The 
deconstruction step typically known as pretreatment, involves a number of objectives: breakdown 
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of the carbohydrate-lignin complex, disruption of the cellulose crystallinity and hydrolysis of 
hemicellulose.7-10   
Most pretreatment processes have disadvantages. Dilute acid pretreatment produces furfural and 
acetic acid which are inhibitory to the microorganisms used during fermentation.11 Alkali 
pretreatment leads to the formation of xylo-oligomers which are inhibitory to the enzymes used 
for saccharification.12 Biological methods tend to be slow and mechanical methods involve high 
energy and equipment costs. 
Ionic liquids provide an alternative method of biomass deconstruction. They act by dissolving the 
biomass which allows for much better access of the enzymes used for hydrolysis of cellulose. 
Further, ionic liquids have been shown to reduce the crystallinity of the cellulose leading to higher 
glucose yields during enzymatic saccharification.13  
Depending on the chemical structure of the anion and cation pair, ionic liquids differ considerably 
in physico-chemical properties such as hydrophobicity, charge, molecular weight and viscosity.14 
Tadesse et al. published an extensive list of ionic liquids with applications in biomass 
deconstruction.15 The key mechanism for biomass solubilization is the ability of the ionic liquid to 
break the dense hydrogen bonding network that holds together the crystalline structure of 
recalcitrant bio-polymers.  
Unfortunately, the high cost of ionic liquids means that efficient recovery and recycle of the ionic 
liquid is essential for an economically viable process. Here, we investigate the feasibility of 
developing nanofiltration membranes for ionic liquid recovery. Though initially developed for 
water softening applications, today nanofiltration is finding applications in numerous areas where 
separation of dissolved solutes in the size range 150 to 1000 Da is required.16 
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Few studies have considered nanofiltration for ionic liquid recovery. Han et al. consider the use of 
nanofiltration to recover ionic liquids from ionic liquid mediated Suzuki coupling reactions.17 
Krockel and Kragel investigated the recovery of nonvolatile products from solutions containing 
ionic liquids while Gan et al. investigated filtration of ionic liquid mixtures containing methanol, 
ethanol and water.18,19  Their focus however was on the rheological properties of ionic liquid 
mixtures rather than recovery of ionic liquids.   
Ables et al. have considered the use of commercially available nanofiltration membranes for 
purification of ionic liquids in biorefining applications.20 Using model feed solutions consisting of 
ionic liquids and water, the efficiency of concentrating the ionic liquid in the retentate was 
investigated. These investigators concluded that the osmotic pressure differences between the feed 
and permeate acted against the separation of ionic liquid from ionic liquid/water mixtures limiting 
the maximum concentration of ionic liquid that could be obtained. Rejection of sugars dissolved 
in the ionic liquid was also investigated. The rejection of sugars was strongly membrane 
dependent. 
In a more recent study, Ables et al. have investigated the use of membrane processes for recovery 
of glucose from an enzymatic hydrolysis process using ionic liquid pretreated cellulose.13  Three 
membrane based unit operations were considered: ultrafiltration for enzyme and cellulose recovery 
(in the retentate), nanofiltration for cellobiose and ionic liquid recovery in the retentate and 
electrodialysis for removal of ionic liquid from the glucose. They indicate that the major cost of 
the process is the ionic liquid. Compared to the current selling price of glucose the proposed 
process is not economical.  
These previous studies indicate the challenges involved in recovering ionic liquid from ionic 
liquid/water/sugar mixtures. Recovery of the ionic liquid will be necessary if the unique properties 
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of ionic liquids for deconstructing lignocellulosic biomass and reducing the crystallinity of 
cellulose are to be leveraged in future biorefineries. Here, we have created nanofiltration 
membranes with different barrier properties in order to investigate the feasibility of recovering 
ionic liquids. Our aim is to maximize the ionic liquid recovered in the permeate while obtaining 
as high a rejection of dissolved sugars as possible. Using base ultrafiltration membranes as a 
support structure, we have used interfacial polymerization (IP) to create a dense polyamide layer.   
Interfacial polycondensation has been widely used to grow a thin polyamide skin layer on a porous 
substrate.21 Karan et al. have indicated that careful control of the interfacial polymerization process 
can lead to high rejection and high flux nanofiltration membranes for molecular separations.22  
Common reactive monomers are diamines such as piperazine (PIP), m-phenylenediamine (MDP) 
and p-phenylemediamine (PPD) and acid chloride monomers such as trimesoyl chloride (TMC), 
isophthaloyl chloride (IPC) and 5-isocyanato-isophthaloyl chloride (ICIC).23  Here we focus on 
the reaction of TMC with PIP which has been shown to lead to successful commercial thin film 
composite polyamide nanofiltration membranes. 
Recent publications highlight the ability to tune the performance of these nanofiltration 
membranes by inclusion of novel monomers as well as inorganic additives.24,25  Here we have 
incorporated 3-aminophenylboronic acid (BA) in the IP layer to control the sugar selectivity and 
permeance of the membrane. Studies with boronic acid have shown that the steric conformation 
of the hydroxyl group connected to the boron can act as an on/off switch for forming bonds with 
the hydroxyl groups on sugars.26-29 Evidence shows that the growth of the skin layer is located on 
the organic solvent side of the interface.21,23  Thus by including BA in the aqueous phase, we aim 
to impede the passage of sugars while enhancing the passage of ionic liquids. Membrane 
performance has been determined using model feed streams consisting of (1) aqueous sugar 
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solutions, (2) aqueous ionic liquid solutions and (3) three component sugar, water and ionic liquid 
mixtures. 
2.2. Experimental  
Materials  
The following chemicals were obtained from Sigma Aldrich (St. Louis, MO): triethylamine (Et3N, 
99% purity), 1-butyl-3-methylimidazoliumchloride (BmimCl, 98% purity), 1-ethyl-3-
methylimidazolium acetate (EmimOAc, 90% purity), D-(+)-glucose, D-(+)-xylose, D-(-)-fructose. 
1,3,5-benzenetricarbonyl chloride (trimesoyl chloride, TMC, 98% purity) was obtained from Alfa 
Aesar (Heysham, England); 3-aminophenylboronic acid monohydrate (BA, 98% purity) from AK 
Scientific (Union City, NJ), anhydrous piperazine (PIP) from Tokyo Chemical Industry (Portland, 
OR), and D-(+)-cellobiose  from MP Biomedicals (Solon, OH). Hexane (HPLC grade), 
hydrochloric acid (37% v/v) and 30 and 50 kDa ultrafiltration membranes were purchased from 
EMD Millipore (Billerica, MA).  All aqueous solutions were prepared with deionized water at 18.0 
MΩ·cm produced with Thermo Scientific, model Smart2Pure 12 UV/UF (Waltham, MA). 
Membrane modification via interfacial polymerization (IP) 
Ultrafiltration membranes (30 and 50 kDa) were washed overnight in DI water. The membranes 
were then immersed in an aqueous solution containing PIP at concentrations varying from 0.1 to 
1.5 wt % under continuous stirring for 4 hours.  The BA concentration in the solution varied from 
0.05 to 1.0 wt %.  Next, the wet membranes were hung vertically for 5 minutes to let excess 
solution drip off the surface. The remaining droplets were wiped off with a clean teflon O-ring. 
The wet membranes were then placed in a custom-made teflon holder to only expose the barrier 
surface (feed side) of the membrane to an organic phase consisting of hexane containing 0.15 wt 
% TMC for various times. The polymerization time is the time for which the hexane solution was 
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in contact with the membrane filled with aqueous solution.  The polymerization was conducted at 
either 25°C or -4°C. The polymerization was stopped when the organic solution was removed and 
the remaining organic droplets were evaporated in the fume hood for approximately 5 minutes.  
For some membranes Et3N was added to the organic phase in the ratio 1:1.5wt %. BA:Et3N.  
Finally, the modified membranes were annealed at 50°C for 30 minutes and washed with deionized 
water three times before storing in DI water at room temperature.  Figure 2-1 gives the overall 
reaction scheme. 
 
Figure 2-1:  Reaction scheme for interfacial polymerization with expected products; 3-
aminophenylboronic acid (BA) and piperazine (PIP) are in aqueous solution while trimesoyl 






































Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy (Shimadzu, IR 
Affinity-1, Kyoto, Japan) was used to analyze membrane surface chemistry after modification.  
The instrument was equipped with a deuterated L-alanine doped triglycine sulfate (DLaTGS) 
detector with a resolution of 0.5-16 cm-1, a germanium-coated potassium beam splitter with an 
incidence angle of 45° and a Pike Technologies (Madison, WI) zinc selenide ATR prism.  Prior to 
surface analysis, the membranes were rinsed with DI water. They were then placed in a 100 mL 
beaker containing 70 mL DI water for 2 hours with slow stirring. The samples were dried in a 
vacuum oven for at least 30 minutes before analysis. Spectra were collected at room temperature 
over a scanning range 600–3000 cm-1 with a resolution of 8.0 cm-1 and with 50 scans per sample. 
Spectral analysis was performed using IR solution software (Shimadzu IR solution v1.60). 
Atomic force microscopy (AFM) was performed in order to study the topography of modified and 
unmodified membranes. A Dimension icon with ScanAsyst sample chamber (Bruker, Camarillo, 
CA) was used.  Membranes were air dried and analyzed in tapping mode with a silicon tip on a 
nitride lever. The images 5 m x 5 m (512 x 512 pixel) were recorded at a scanning rate of 1 
Hz.  A Bruker ScanAsyst air silicone tip on a nitride lever with a spring constant of 0.4 N/m 
(cantilever details: width = 25 µm, length = 115 µm, thickness = 650 nm) was used. 
Rejection experiments 
Permeance and rejection data were obtained for modified membranes in dead end filtration tests 
using a stirred stainless steel pressure vessel (Sterlitech HP4750, Kent, WA).  Pressurized nitrogen 
(Airgas, Springdale, AR) was used to pump the feed through the various modified membranes, 
while the feed was mixed using a stirrer plate (Chemglass Optichem, Vineland, NJ). The permeate 
was collected in a beaker placed on a balance (Mettler Toledo PL602-S, Columbus, OH) connected 
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to a computer.  Table 2-1 summarizes the membrane modification conditions and model feed 
streams that were investigated.   
Table 2-1: Summary of membrane modification conditions and feed streams tested. 
Base membrane 30 and 50 kDa PES ultrafiltration membranes 
Polymerization conditions Aqueous phase DI water containing 0.1 to 1.5 wt % PIP, 0 
to 1.0 wt % BA 
Organic phase: Hexane containing 0.15 wt % TMC, if 
Et3N added, BA: Et3N was 1:1.5 wt % 
Reaction conditions: 25°C or -4°C, polymerization times 
1-25 min, annealing at 50°C for 30 min 
Single component feed 
streams model feed streams 
DI water containing cellobiose, glucose, xylose, fructose, 
20 mM solution; EmimOAc, BmimCl, 115 mM solution 
Multicomponent model feed 
streams 
2% glucose and 1% BmimCl: 10% glucose and 10% 
BmimCl; 5% glucose and 10% BmimCl; 5% Cellobiose 
and 10% BmimCl 
 
Though all experiments were conducted in dead end mode, a region of pseudo steady state 
operation could be established.  The first 7 mL of permeate were discarded to ensure any transient 
effects during start up were eliminated.  The next 9 mL of permeate were then used to determine 
rejection of dissolved solutes.  This represents a reduction in volume of the original 200 mL feed 
solution from 3.5 to 8%.  Pseudo steady state operation is observed as the change in feed conditions 
is very small during this period.  Additional experiments suggest that pseudo steady state operation 
is maintained till about 25% of the original feed volume is removed in the permeate.  Feed 
pressures were in the range 690 – 1725 kPa. 
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Samples from the permeate side were taken and analyzed as follows. For single component feed 
streams consisting of cellobiose, glucose, xylose and fructose in DI water the sugar concentration 
was determined using HPLC 1200 series (Agilent Technologies, Palo Alto, CA) equipped with a 
Hi-Plex Ca (Duo) column (Agilent, 300 x 6.5 mm length x I.D, 8 µm pore size), injection volume: 
5 µL, mobile phase: deionized water, flow rate: 0.6 mL/minute, column temperature: 80°C, RID 
detector temperature: 45°C, run time: 30 minutes.  
For multicomponent feed streams consisting of sugars and IL in DI water, the colorimetric 3,5-
dinitrosalicyclic acid (DNS) method was employed in order to determine the concentration of total 
reducing sugars (TRS) at 540 nm.30  The ionic liquid concentration was quantified using a hand 
held conductivity meter Symphony SP70C (VWR, Batavia, IL) equipped with a 2-electrode 
conductivity cell of epoxy/platinum and a nominal cell constant of 1.0 cm-1 (Thermo Scientific, 
Beverly, MA).  Rejection of sugars and ionic liquids as well as selectivity of the membrane were 
calculated using the following relationships: 
𝑅𝑅𝑖𝑖 = �1 −
𝑐𝑐𝑖𝑖𝑖𝑖
𝑐𝑐𝑖𝑖𝑖𝑖
� × 100%     (1) 
𝑆𝑆𝑖𝑖/𝑗𝑗 = (100 − 𝑅𝑅𝑖𝑖)/�100 − 𝑅𝑅𝑗𝑗�    (2) 
where cip and cif  are solute concentration of a given component in the permeate and feed, 
respectively, Si/j is selectivity of component i with respect to j.  For each run, the first 7 mL of 
permeate were discarded and the next 9 mL of permeate used to determine cip and cif which 
represented a period of pseudo steady state operation. The permeance of pure water was calculated 
using the following relationship: 
𝑃𝑃 = 𝑉𝑉
𝐴𝐴∙𝑆𝑆∙∆𝑃𝑃
       (3) 
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where t is the time to collect volume V of permeate, A is membrane area, and P is applied 
pressure. 
 All results were obtained in triplicate.  Error bars or error ranges indicate the variation observed 
over the three readings. 
2.3. Results and discussion 
IP membranes 
Unlike PIP, BA contains only one reactive amine group (Figure 2-1).  Thus, incorporation of BA 
will lead to a termination event while incorporation of PIP can lead to further reaction via the 
second amine group.  Consequently, the permeability of the IP layer will be modified by inclusion 
of BA.  The initial focus was to determine the effect of changing the concentration of PIP and BA 
in order to maximize passage of ionic liquid and rejection of sugars.  Table 2-2 indicates that any 
separation between ionic liquid and the sugars investigated here, cannot be based on size exclusion 
alone as the molecular weights of the various species are very close to each other.  Thus, 
preferential interactions between the ILs and sugars and the membrane will be critical.   
Table 2-2: Molecular weight of solutes.  










Table 2-3 gives the effect of varying PIP concentration on rejection of individual sugars and ILs 
in aqueous solution. We see an increase in rejection with increasing PIP concentration until about 
1.0 wt %, after which the rejection starts to decrease, probably due to a too high molar ratio 
PIP:BA:TMC, resulting in an increased amount of reaction by-products and/or heterogeneous 
cross-linking. The results indicate that by optimizing the components in the aqueous phase within 
the membrane pores during interfacial polymerization, one can adjust the rejection of IL versus 
sugars. 
Table 2-3: Variation of rejection with PIP concentration for modified 50 kDa base PES 
membranes for aqueous feed streams containing single component sugars and ionic liquids.  
Modification conditions were: 0.1 wt %.  BA in the aqueous phase, reaction temperature 
were 25°C for a reaction time of 15 min. 
[PIP], 
wt % Rejection, % 
 Cellobiose Glucose Xylose Fructose EmimOAc BmimCl 
0.1 2.6 ± 0.1 1.4 ± 0.0 1.1 ± 0.0 1.3 ± 0.0 2.6 ± 0.2 2.1 ± 0.1 
0.3 7.3 ± 0.1 2.7 ± 0.1 1.5 ± 0.0 1.3 ± 0.0 5.0 ± 0.3 5.5 ± 0.3 
0.5 68.8 ± 1.4 65.2 ± 1.1  56.0 ± 1.1 65.3 ± 0.7 61.0 ± 3.7 52.6 ± 3.2 
0.6 67.1 ± 1.3 60.6 ± 0.9 45.5 ± 0.9 60.7 ± 0.6 64.1 ± 3.8 60.4 ± 3.6 
0.8 71.9 ± 1.4 67.2 ± 1.1 53.5 ± 1.1 66.9 ± 0.7 77.1 ± 4.6 63.5 ± 3.8 
1.0 96.4 ± 1.9 94.7 ± 1.8 89.3 ± 1.8 94.7 ± 0.9 74.3 ± 4.5 79.4 ± 4.8 
1.3 82.9 ± 1.7 80.6 ± 1.5 76.1 ± 1.5 81.3 ± 0.8 79.7 ± 4.8 79.0 ± 4.7 
1.5 60.2 ± 1.2 60.5 ± 1.1 56.0 ± 1.1 59.1 ± 0.6 56.4 ± 3.4 52.8 ± 3.2 
 
Table 2-3 indicates that generally rejection of cellobiose is the highest while xylose is the lowest 
for all membranes. Further, rejection of glucose and fructose is similar.  Table 2-3 indicates that 
these trends are expected based on differences in molecular weight between the sugars.  However, 
though the molecular weight of the ionic liquids is greater than xylose, their rejection is generally 
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less than xylose.  The results highlight the fact that when the molecular weight of the dissolved 
solutes is similar (i.e. same order of magnitude), interactions between the solutes and the 
membrane will have a significant influence on the observed rejection.31 Since 1.0 wt % PIP gave 
the highest sugar rejection the effect of polymerization time was investigated using 1.0 wt % PIP.  
Figure 2-2 gives the results for the rejection and permeance of feed streams containing cellobiose, 
glucose, EmimOAc and BmimCl in aqueous solution. 
 
Figure 2-2: Variation of permeance and rejection of cellobiose, glucose EmimOAc and 
BmimCl as a function of polymerization time for modified 50 kDa PES membranes.   
Modification conditions were: 1.0 and 0.1 wt % PIP and BA respectively in the aqueous 
phase, reaction temperature 25°C.  Insets show AFM surface analysis of selected membranes 
with roughness 9.4 and 38.6 nm from left to right, respectively. All AFM imaging scale 
resolution at 0-5 µm.  
As observed in Table 2-3, rejection for fructose is very similar to glucose and the rejection of 
xylose is always the lowest of the sugars tested in this work.  We focus on glucose as it is the most 
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abundant sugar in lignocellulosic biomass and of most commercial relevance. When the 
polymerization time increases, permeance decreases and rejection increases as is expected due to 
a thicker IP layer that is formed.  The AFM images indicate that with longer polymerization times 
the membrane becomes rougher probably due to uneven rates of polymerization.  As indicated by 
Mulder the polymerization is strongly affected by diffusion of the reactants through the growing 
polymerized barrier layer.32   In addition Karan et al. indicate that heat generated during the 
polymerization reaction can lead to local temperature variations that lead to different rates of 
reaction and hence increased surface roughness.22  The results suggest that the optimal 
polymerization time will depend on a trade-off between higher rejection and lower permeance.  As 
can be seen for polymerization times less than 5 min the rejection of sugars is low, whereas for 
polymerization times greater than 15 min the permeance is low. 
Additional experiments with 30 kDa PES membranes indicated that there is little difference in 
performance when a base 30 or 50 kDa PES membrane is used.  However, due to the tighter pore 
structure of the barrier layer of the 30 kDa membrane, it is likely the IP layer formed on top of the 
barrier layer of the 30 kDa membrane will be more robust.  Consequently, all further experiments 
were conducted using 30 kDa PES membranes.  In order to minimize the effect of local 
temperature variation due to the heat generated during the interfacial polymerization reaction, the 
reaction temperature was lowered to -4 °C, and the reaction time was set at 15 min 
Surface analysis 
In order to verify that BA was being incorporated into the IP layer ATR-FTIR analysis of the 
membrane was conducted.  Figure 2-3 is an example.  Spectra are shown for the base PES 





Figure 2-3: FTIR spectra for 30 kDa base and modified membranes.  Modification conditions 
were: 1.0 and 0.5 wt % PIP and BA respectively in the aqueous phase, reaction temperature 
-4 °C, polymerization times of 1, 15 and 25 min. 
We observe two peaks that stand out from the base membrane in the regions 890–960 cm-1 and 
960–995 cm-1. These correspond to the BOH deformation vibration and the BO stretching 
vibration, respectively and confirm the incorporation of BA in the barrier layer.33,34  As is expected 
the BA peak increases as polymerization time increases. 
Table 2-4 gives the effect on rejection and permeance of varying the BA concentration for a PIP 
concentration of 1.0 wt % of individual sugars and ILs in aqueous solution.  The general trends 
are the same as in Table 3; cellobiose rejection is the highest, xylose the lowest while glucose and 
fructose rejection is intermediate and similar. It can be seen that lower BA concentrations give 
better rejection, peaking at an optimum between 0.1 – 0.2 wt % BA with 97% cellobiose and 78% 
BmimCl rejection. Increasing the amount of boronic acid in the aqueous phase can act as a 
polymerization termination step due to a variety of reasons. BA has three functional groups, two 
diols and an amine group.  However only the amine group can take part in the polycondensation  
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Table 2-4: Variation of rejection with BA concentration for modified 30 kDa base PES 
membranes for aqueous feed streams containing single component sugars and ionic liquids. 
Modification conditions were: 1.0 wt % PIP in the aqueous phase reaction temperature was 
-4 °C for a reaction time of 15 min. 
[BA],  
wt % Rejection, % 
 Cellobiose Glucose Xylose Fructose EmimOAc BmimCl 
0.05 92.0 ± 1.8 90.8 ± 0.9 86.7 ± 1.7 90.9 ± 1.0 75.0 ± 4.5 67.2 ± 4.0 
0.1 96.4 ± 1.9 94.7 ± 0.9 89.3 ± 1.8 94.7 ± 1.0 74.3 ± 4.5 79.4 ± 4.8 
0.2 96.6 ± 1.9 91.5 ± 0.9 80.5 ± 1.6 91.2 ± 0.8 74.0 ± 4.4 77.6 ± 4.7 
0.5 89.2 ± 1.8 85.2 ± 0.9 77.9 ± 1.6 84.7 ± 0.7 65.5 ± 3.9 65.7 ± 3.9 
1.0 27.1 ± 0.5 26.1 ± 0.3 24.7 ± 0.5 25.8 ± 0.6 28.3 ± 1.7 28.4 ± 1.7 
 
reaction and thus act as a competitive compound with PIP. Having a larger molecular size, BA is 
expected to give a looser polymer network and, therefore, produce membranes with a larger 
nominal molecular weight cut-off and rougher surfaces.  The data in Table 2-4 suggest that BA 
concentrations of between 0.1 and 0.2 wt % could be used to tune sugar and ionic liquid rejection. 
Figure 2-4 gives the variation of rejection and permeance of cellobiose and BmimCl as a function 
of BA concentration.  As observed in Table 2-3, Table 2-4, and Figure 2-2 rejection of EmimOAc 




Figure 2-4: Variation of permeance and rejection of cellobiose, and BmimCl as a function of 
BA concentration for modified 30 kDa modified PES membranes.   Modification conditions 
were: 1.0 wt % PIP in the aqueous phase, reaction temperature was -4 °C for a reaction time 
of 15 min.  Insets show AFM surface analysis of membranes modified with 0.1 and 1.0 wt % 
BA with roughness 31.0 and 46.6 nm from left to right, respectively. All AFM imaging scale 
resolution at 0-5 µm.  
Though not shown, as indicated in Table 2-4, glucose rejection is always less than cellobiose.  The 
AFM images indicate that increasing the BA concentration leads to increased roughness, as 
expected.  As can be seen, addition of small amounts of BA does not affect the membrane 
permeance.    However addition of more than 0.5 wt % BA leads to an increase in permeance and 
decrease in rejection. This is probably due to the increases in the amount of chain termination due 
to reduced crosslink density which results in a more open structure. This result suggests that 




As indicated in Figure 2-1, the reaction proceeds with the formation of hydrochloric acid as a by-
product, acting as an inhibitor to skin layer formation.21  Thus increasing the pH of the reaction at 
higher BA concentration might induce a similar inhibiting effect.  Consequently the effect of 
adding Et3N to the aqueous phase was investigated. Table 2-5 and Figure 2-5 show the effect of 
adding Et3N as a proton acceptor. Indeed, we are able to see similar rejection performance at 
threefold shorter polymerization times, while obtaining better permeance.  The Et3N concentration 
was chosen such that the ratio of BA: Et3N was 1: 1.5.  However the polymerization time was 
only 5 min. 
Table 2-5: Variation of rejection in the presence of Et3N.  The Et3N concentration was 
chosen such that the ratio of BA:Et3N was 1:1.5.  Results are for modified 30 kDa base PES 
membranes for aqueous feed streams containing single component sugars and ionic liquids. 
Modification conditions were: 1.0 wt % PIP in the aqueous phase reaction temperature was 
-4 °C for a reaction time of 5 min. 
 [BA], 
wt % Rejection, % 
 Cellobiose Glucose Xylose Fructose EmimOAc BmimCl 
0.05 98.5 ± 2.0 96.0 ± 1.0 85.0 ± 1.7 95.5 ± 1.0 81.2 ± 4.9 79.8 ± 4.8 
0.1 99.1 ± 2.0 94.8 ± 0.9 83.3 ± 1.7 96.3 ± 1.0 78.3 ± 4.7 72.1 ± 4.3 
0.2 82.3 ± 1.6 76.4 ± 0.8 67.2 ± 1.3 76.4 ± 0.8 53.8 ± 3.2 52.4 ± 3.1 
0.5 82.0 ± 1.6 71.2 ± 0.7 59.1 ± 1.2 71.2 ± 0.7 34.0 ± 2.0 41.9 ± 2.5 
1.0 66.6 ± 1.3 58.6 ± 0.6 50.9 ± 1.0 59.7 ± 0.6 27.1 ± 1.6 25.2 ± 1.5 
 
While our results indicate that increasing polymerization time or BA concentration led to increased 
roughness, there is no direct link between the roughness of the polymerized layer and membrane 
performance.  Karan et al. indicate that the roughness of the polymerized barrier layer can have a 
significant effect on permeance for sub 10 nm polyamide nanofilms.22  The films we have grown 
here are an order of magnitude or more thicker than 10 nm as suggested by the fact that IR 
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spectroscopy can detect the presence of BA (see Figure 2-3). However it is likely that if much 
thinner yet robust films could be polymerized on UF membrane supports, much higher 
permeabilities could be obtained with similar rejection properties.   
 
Figure 2-5: Variation of permeance and rejection of cellobiose, and BmimCl as a function of 
Et3N concentration for unmodified and modified 30 kDa PES membranes.  The Et3N 
concentration was chosen such that the ratio of BA:Et3N was 1:1.5.  Modification conditions 
were: 1.0 wt % PIP in the aqueous phase reaction temperature was -4 °C for a reaction time 
of 5 min.  
Based on our results, the modification conditions that maximized cellobiose and glucose rejection, 
minimized BmimCl rejection and maximized permeate flux were as follows:  aqueous phase, 1.0 
wt% PIP, 0.1 wt % BA and 0.115 wt % Et3N, reaction temperature at -4 °C for 8 min.  A number 
of membranes were modified using these conditions and tested using the mixed feed streams listed 
in Table 2-6.  As can be seen selectivities varying from 6-37 for BmimCl over glucose were 
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obtained depending on the concentration of the two components in the feed solution.  The 
selectivity for BmimCl over cellobiose was less than for glucose.  
Table 2-6: Selectivity for BmimCl versus glucose or cellobiose for modified base 30 kDa PES 
membranes.  Modification conditions were: aqueous phase 1.0, 0.1, 0.115 wt% PIP, BA Et3N 





















2.31 ± 0.28 
Selectivity 
IL/sugar 
6.4 36.6 12.5 4.7  
 
In our earlier work we investigated the feasibility of tailoring the barrier layer of nanofiltration 
membranes by using layer-by-layer deposition of polyelectrolytes.16  Selectivites for the various 
sugars were generally between 1.5 and 11.0 except for xylose over sucrose where higher 
selectivities were obtained.  This general observation may be explained by the fact that the 
molecular weight of sucrose is 342, much larger than xylose (see Table 2).  The selectivities 
obtained here are higher than the selectivities for fractionation of sugars.  These results highlight 
the feasibility of tuning the properties of the IP layer to induce specific interactions that inhibit 
passage of sugars relative to ionic liquids.  
Our results indicate that as the rejection and hence selectivity of the membrane increases the 
permeance decreases.  From a practical perspective however it will be essential to ensure the 
permeance of the membrane is high enough for a viable separation process.  Karan et al. indicated 
that IP layers consisting of thin sub 10 nm thickness, do exhibit high permeabilities.22  Thus 
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development of sophisticated polymerization methods to carefully control the thickness and three 
dimensional structure of the IP layer will be essential. 
The results in Table 2-6 indicate that the concentration of the solute species will affect the 
selectivity of specific solutes in real feed streams.  Further as indicated by Ables et al. the 
maximum concentration of ionic liquid that can be obtained will be limited by the osmotic pressure 
differences between the feed and permeate.20  While concentration of the rejected sugars will be 
beneficial in the subsequent fermentation step, the toxicity of the ionic liquid to the 
microorganisms used during fermentation will dictate the maximum allowable concentration of 
residual ionic liquid in the hydrolysate prior to fermentation.  It is likely that the feasibility of using 
ionic liquids for pretreatment will depend on the development of an economically viable multistep 
process for ionic liquid recovery and recycle.  Development of novel high performance 
nanofiltration membranes could be a part of such a process. 
2.4. Conclusion   
Nanofiltration could find applications in the conversion of lignocellulosic biomass into chemicals 
and fuels.  Here the ability of concentrate low molecular weight sugars while recovering dissolved 
ionic liquids in the permeate has been explored.  Given the advantages of ionic liquids for 
pretreatment of biomass as well as their high cost, effective separation process for recovery and 
recycle of the ionic liquid will be essential.  Given the similarity in molecular weight between 
ionic liquids of relevance for pretreatment and low molecular weight sugars such as glucose, sized 
based separations alone will be ineffective.  However, for nanofiltration membranes, both size and 
interactions between solute species and the IP layer determine the selectivity of these membranes. 
Our results indicate that careful control of the thickness and structure of the IP layer will be 
essential to maximize rejection of sugars, recovery of ionic liquids in the permeate and the 
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permeance of the membrane.  In addition to development of appropriate membranes integration of 
a nanofiltration step in the entire process must be considered as it will determine the viability of 
nanofiltration for ionic liquid recovery.  
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Abstract 
The feasibility of nanofiltration membranes fabricated by static polyelectrolyte layer-by-layer 
deposition of poly(styrene sulfonate) and poly(allylamine hydrochloride) on poly(ethersulfone) 
ultra- and alumina microfiltration membranes for the recovery of ionic liquid from low molecular 
weight sugar was investigated. The surface properties of these modified membranes were 
correlated with their performances. The selectivity for 1-butyl-3-methylimidazolium chloride over 
cellobiose and glucose was found to be as high as 50.5/2.3 for modified alumina and 32.3/3.5 for 
modified polyethersulfone with optimized number of bilayers. The values for membrane 
permeance were 4.8 and 2.5 L m-1 h2 bar-1, respectively. For low depositions, the separation 
mechanism was predominantly governed by size-exclusion. For higher depositions, the enhanced 
negative zeta potential of modified membranes suggested preferred dominating electrostatic 
interactions, resulting in high selectivity of ionic liquids over low molecular weight sugars. At 
very high depositions, the molecular weight cut-off of the membrane becomes constricting for 
size-exclusion effect.  
3.1. Introduction 
Increasing energy consumption for economic and social development coupled with environmental 
challenges posed by dwindling fossil-based energy sources have led to extensive activities on the 
research of renewable biofuels1,2. In comparison to fossil fuels, biofuels have the advantages of 
being renewable, nontoxic, and biodegradable and have a much lower risk of contaminating the 
environment3,4. First generation biofuels, produced directly from food corps, are controversial due 
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to increased grain prices, land-use competition, and intensive agricultural practices5,6. Contrary to 
the first generation, non-edible feed stocks are exploited to produce second generation biofuels. 
Non-edible lignocellulosic biomass derived from agricultural wastes, forest residues, and 
dedicated energy crops represents an abundant renewable resource for the production of bio-based 
products and biofuels7. The typical process for biomass conversion involves three main steps: 
pretreatment of naturally resistant cellulosic materials, hydrolysis of cellulose into monomer 
sugars, and fermentation of hydrolyzed sugars8,9. Due to its highly crystalline structure, 
lignocellulosic biomass is hardly solute in common solvents and its economic hydrolysis into 
fermentable sugars remains a major challenge10-12. 
Ionic liquids (ILs) have shown great promise in the pretreatment, dissolution, and hydrolysis of 
lignocelluloses to produce biofuels12. However, the high price for synthesis and high energy 
requirement for recycling could affect the economic viability of IL implementation for large-scale 
biofuel production13. Some efforts have been made to develop effective techniques for ILs 
recovery, such as chromatography14, salting-out precipitation15, adsorption16, extraction17, 
supercritical carbon dioxide18 and membrane separation19. Membrane filtration technology has 
proved to be effective for a large variety of industrial applications20-22. Different membrane 
separation processes such as nanofiltration (NF)23,24, reverse osmosis (RO)25, electrodialysis 
(ED)26 and membrane distillation (MD)27 have been successfully employed to concentrate ILs 
aqueous solutions. However, IL recovery becomes more complicated when sugar monomers and 
smaller carbohydrate oligomers are present in the same solution28. That is on one hand due to the 
fact that hydrolysate sugars have molecular sizes close to those of commonly used ILs. On the 
other hand, due to non-charged nature of sugars and low charge density of ILs, most NF 
membranes are ineffective in sugar/IL separation. Thus, a membrane with a precise molecular 
weight cut-off (MWCO) and a high charge density could more efficiently separate ILs from sugars.  
The layer-by-layer (LBL) deposition of charged polyelectrolyte pairs29-31 is an attractive technique 
for the fabrication of nanostructured multilayer membranes due to its simplicity and control over 
film thickness and pore size and charge density32. It has been widely used for formation of 
membranes tuned for high permeance and high rejection for many diverse membrane separations, 
such as reverse osmosis33, nanofiltration34-36, pervaporation and forward osmosis37-40 with specific 




In this study, we have modified commercially available organic and inorganic membranes via the 
LBL deposition of polyelectrolytes multilayers (PEMs). The adsorption mechanism of charged 
polymers on membrane surface is believed to be mainly due to electrostatic interactions. 
Additionally, hydrogen bonding, coordination chemistry, hydrophobic interactions and chemical 
crosslinking also play a role in layer formation and assembly46. Amongst the most important 
parameters influencing the polyelectrolyte (PE) assembly on a specific substrate, are the choice of 
PE pair, the ionic strengths of PE solutions, salt type and the pH of the depositing solution46-48. 
The fabricated nanofiltration membranes were tested for feasibility as potential recycling unit 




The polyelectrolytes poly(sodium-p-styrenesulfonate) (PSS, avg. MW 70 kDa, Acros Organics, 
Geel, Belgium) and poly(allylamine hydrochloride) (PAH, avg. MW 15 kDa, 95% purity, AK 
Scientific, Union City, CA) were purchased from VWR International (Radnor, PA). The feed 
compounds were obtained from Sigma Aldrich (St. Louis, MO): 1-butyl-3-methylimidazolium 
chloride (BmimCl) (98% purity), 1-ethyl-3-methylimidazolium acetate (EmimOAc) (90% purity), 
D-(+)-Glucose, D-(+)-Xylose and D-(-)-Fructose. D-(+)-Cellobiose was purchased from MP 
Biomedicals (Solon, OH). Sodium hydroxide (NaOH, analytical grade) was purchased from 
Macron Fine Chemicals (Avantor Performance Materials, Center Valley, PA). Hydrochloric acid 
(37% v/v) was purchased from EMD Millipore (Billerica, MA). Sodium chloride (NaCl) was 
purchased from BDH (Radnor, PA). Deionized water was produced with Thermo Scientific, model 
Smart2Pure 12 UV/UF (Waltham, MA), 18.0 MΩ·cm.  
Ultrafiltration poly(ethersulfone) (PES) base membranes with molecular weight cut-off (MWCO) 
50 kDa were purchased from EMD Millipore (Billerica, MA) and inorganic 0.2 µm alumina oxide 
microfiltration discs with polypropylene support ring were purchased from GE Healthcare Life 
Sciences (Pittsburgh, PA). 
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Static layer-by-layer deposition of PEMs 
The PEMs were deposited on a selection of base membranes using the polyelectrolytes pair (20 
mM with respect to the monomer) shown in Table 3-1. All PE solutions were 0.5 or 1.0 M NaCl 
solutions. For the PE deposition on alumina base membranes the pH was adjusted to 6.5 for PSS 
and 3.0 for PAH. The PES base membranes were pretreated with 0.5 M NaOH at 45°C for 30 min 
before PE deposition and the pH was not adjusted. The pretreatment of the PES with NaOH was 
part of cleaning procedure. Several literatures are available on use of NaOH as cleaning solution 
in different kinds of membranes including PES membrane49-52. For both base membranes, the top 
layer of PSS was deposited from 1.0 M NaCl. 
Table 3-1: Selection of base membranes, type and amount of deposited polyelectrolytes. 
Polyelectrolyte Membrane 









poly(styrene sulfonate), - 70 alumina oxide 0.2 µm (PSS/PAH)nPSS 
poly(allylamine 
hydrochloride), + 
15 poly(ethersulfone) 50 kDa (PAH/PSS)n 
 
The base membranes were soaked in deionized water for 24 hours to remove preservatives and 










Figure 3-1: Static LBL deposition of PEM on a base membrane. First, one layer is formed 
after contacting with the polycation solution (or polyanion for alumina), then the membrane 
is rinsed before dipping into the second solution of oppositely charged polyion to form one 
bilayer. The alumina membranes were capped with PSS to be comparable to PES. The 
process is repeated for the desired bilayer number (δ). 
Each polyelectrolyte layer was formed by placing the membrane in a solution of polyelectrolyte 
for 5 minutes, followed by rinsing with deionized water for 1 minute. Next, the membrane is placed 
in a solution containing the oppositely charged polyelectrolyte for 5 min followed again by rinsing 
for 1 min. This process was repeated as many times as to obtain the “n” desired amount of bilayers. 
Membrane characterization 
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy (Shimadzu, IR 
Affinity-1, Kyoto, Japan) was used to analyze membrane surface chemistry before and after 
modification.  The instrument was equipped with a deuterated L-alanine doped triglycine sulfate 
(DLaTGS) detector with a resolution of 0.5-16 cm-1, a germanium-coated potassium beam splitter 
with an angle of incidence of 45° and a Pike Technologies (Madison, WI) zinc selenide ATR 
prism.  Prior to surface analysis, the membranes were rinsed with deionized water three times and 
then they were dried in a vacuum oven at 40°C for 6 hours. The scanning range was set as 600–
2000 cm-1 with a resolution of 8.0 cm-1 and with 65 scans per sample. Spectral analysis was 
performed at room temperature using IR solution software (Shimadzu® IR solution). 
Contact angle (Future Digital Scientific, model OCA15EC, Garden City, NY) was measured at 
room temperature with deionized water. The droplet volume was 2.0 µL and the dispensing speed 






















angle was captured after 3 seconds from droplet release and then measured using the circle fitting 
method. Each measurement was repeated 4 times. 
Atomic force microscopy (AFM) was used in order to study the surface topography changes due 
to modification. The AFM uses a Bruker ScanAsyst (Camarillo, CA) air silicone tip on a nitride 
lever with a spring constant of 0.4 N/m (cantilever details: width = 25 µm, length = 115 µm, 
thickness = 650 nm) and is connected to a Dimension icon with ScanAsyst sample chamber 
(Bruker, Camarillo, CA). The images were developed at a scanning rate of 1 Hz with a resolution 
of 1 µm x 1 µm. Prior to analysis, the membranes were tested for permeance with deionized water 
and then air dried before being analyzed in tapping mode. The roughness from AFM data was 





∙ ∑ �𝑍𝑍𝑗𝑗�𝑁𝑁𝑗𝑗=1           (1) 
 
where N is number of points within the box cursor and Z is peak-to-valley difference in height 
values. Each roughness value represents the average from 3 different surface locations. 
Scanning electron microscopy (SEM) was used to characterize the cross-sectional morphology of 
the modified membranes. The images were analyzed using a FEI Nova Nanolab 200 Duo-Beam 
Workstation (Hilsboro, OR). Samples of the membranes were soaked in ethanol/water mixtures, 
washed with deionized water and then broken in liquid nitrogen (VWR, Batavia, IL). Prior to 
analysis, the samples were spotted with 10 nm layer of gold and then scanned using a 15 kV 
electron beam. 
Zeta potential (Beckman Coulter Delsa NanoHC, Brea, CA) was equipped with a flat surface cell. 
Dry samples from the vacuum oven were immersed in the zeta potential analysis solution before 
placing them in the flat surface cell. Analysis was performed using a conductive solution of 10 
mM NaCl and 1:300 diluted standard solutions for flat surface cell in triplicates. 
1.1. Membrane Filtration 
The performance of the PEMs was tested using three model feeds: (1) a mixture of four sugars, (2) 
EmimOAc and (3) BmimCl. Filtration experiments were conducted in dead-end mode (Figure 
S1). A stirred pressure vessel from Sterlitech (HP4750, Kent, WA) was filled with 200 mL feed 
and placed on a stirred magnetic plate (Chemglass Optichem, Vineland, NJ). The model feeds 
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comprised of 30 mM each cellobiose, glucose, fructose and xylose, 115 mM EmimOAc or 115 
mM BmimCl. Pressurized nitrogen (Airgas, industrial grade, Fayetteville, AR) was used to pump 
the feed through the various modified membranes at pressures between 3-17 bar. The permeate 
was collected in a beaker placed on a balance (Mettler Toledo PL602-S, Columbus, OH) and the 
data was recorded automatically on a computer. Since ionic liquid is used as solvent for hydrolysis 
of biomass, the sugar concentration is expected to be low compared to the ionic liquid. Based on 
this argument and also from the convenience of quantification, the concentrations of sugar and 
ionic liquids were chosen for the present investigation.  
Rejection analysis 
Prior to sample analysis, the modified PEMs were first equilibrated by filtering deionized water 
until the permeance would remain constant. Thereafter, the feed solution was loaded into the 
pressure vessel and samples taken from the permeate side. The concentrations of cellobiose, 
glucose, xylose and fructose were determined using high performance liquid chromatography 
(HPLC) 1200 series (Agilent Technologies, Palo Alto, CA) equipped with a Hi-Plex Ca (Duo) 
column (Agilent, 300 x 6.5 mm length x internal diameter, 8 µm pore size), injection volume: 5 
µL, mobile phase: deionized water, flow rate: 0.6 mL/minutes, column temperature: 80°C, 
refractive index detector detector temperature: 45°C, run time: 30 minutes. The concentrations of 
ionic liquid were quantified using a handheld conductivity meter Symphony SP70C (VWR, 
Batavia, IL) equipped with a 2-electrode conductivity cell of epoxy/platinum and a nominal cell 
constant of 1.0 cm-1 (Thermo Scientific, Beverly, MA). Table 3-2 summarizes the analytical 
properties of the different feed compounds.  
The rejection of sugars and ionic liquids and the selectivity of the membrane were determined 
using the flowing equations: 
 
𝑅𝑅𝑖𝑖 = �1 −
𝑐𝑐𝑖𝑖𝑖𝑖
𝑐𝑐𝑖𝑖𝑖𝑖
� × 100%         (2) 
𝑆𝑆𝑖𝑖,𝑗𝑗 = (100 − 𝑅𝑅𝑖𝑖)/�100 − 𝑅𝑅𝑗𝑗�        (3) 
 
Where, cip and cif  are solute concentration of the ith component in permeate and feed, respectively. 
Si,j is the selectivity of ith component over jth component.  
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Membrane water permeance was calculated from: 
 
𝑃𝑃 = 𝑉𝑉/(𝐴𝐴 ∙ 𝛥𝛥𝛥𝛥 ∙ 𝑐𝑐)          (4) 
 
where V is the volume of permeated water, Δt is the time of permeation, A is membrane area, and 
p is applied pressure. 
















Cellobiose 342.3 6.7 ± 0.01 EmimOAc 170.2 6.93 ± 0.35 
Glucose 180.2 8.2 ± 0.01 BmimCl 174.7 9.51 ± 0.67 
Xylose 150.1 8.9 ± 0.01    
Fructose 180.2 9.6 ± 0.03    
 
3.3. Results and discussions 
ATR-FTIR analysis 
FTIR data was collected for the base PES membrane and the modified membranes with deposited 
bilayers of PAH/PSS. The results are shown in Figure 3-2. Spectral data shows a decrease in the 
typical absorption peaks of the PES backbone for 1153 cm-1 (asymmetric vibration of -SO2), 1323 
cm-1 (symmetric vibration of -SO2), 1489 cm-1 (aromatic ring stretch of C=C) and 1578 cm-1 
(aromatic C-H stretch) as a function of increasing deposited bilayers. The peak at 1011 cm-1 
corresponds to the in plane skeleton vibration of benzene ring as suggested by Mahdi et al.53  They 
have reported the growth of this peak only on deposition of bilayers of polyelectrolytes which were 
having benzene moieties. The conformation of the most stable structure of the base membrane 
might lead to the out of plane geometry of the phenyl ring showing no peak at that position for 
them. On the contrary, we have observed the same peak even for the base membrane itself, 
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revealing the preferred in plane benzene ring conformation for the base membrane. With increase 
in polyelectrolyte bilayer, more in plane benzene rings should be available to enhance the intensity, 
but there would be a sacrificial decrease from the contribution of the base membrane. Therefore, 
no clear trend was observed for this peak. Furthermore, the polyelectrolyte layers were deposited 
from solutions containing NaCl and these have been shown54 to result in thicker polyelectrolyte 
layers on the surface of the virgin membrane, which coupled with the micrometer range penetration 
depth of FTIR, can provide a plausible explanation of the peak overlap.  On the other hand, the 
consecutive decrease in the PES backbone peak intensity is an indicator of the thin layer growing 
in thickness. Also, the peak detected at 1034 cm-1 corresponds to the symmetric vibrational 
absorption of SO3- from PSS55. Therefore, the latter two findings confirm the successful adsorption 
of polyelectrolytes. 
 
Figure 3-2: FTIR analysis of PEMs modified with 10, 16 and 18 PAH/PSS bilayers on PES 
base membrane. 
Contact angle measurement 
For understanding the hydrophilicity/hydrophobicity of the membrane, the contact angle is the 
most commonly used parameter. For the spontaneous flow of water through the membrane 
without any external pressure, the contact angle should be less than 90˚.  In view of the 
importance of contact angle on the performance of membrane, contact angle measurements were 
carried out (using deionized water as feed droplet) as a function of deposited bilayers (Figure 
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3-3). Our results resemble other findings from literature where it has been established that the 
surface contact angle is controlled primarily by the top deposited layer as well as its 
interpenetration with previously attached layers56,57. Two insets show the considerable difference 
of the hydrophilic character of the base membranes. PES is rather hydrophobic while the alumina 
oxide membrane is very hydrophilic. After modification, both membranes show similar 
hydrophilic character. At higher depositions the contact angles remain constant with values 
between 60°-80°. This constitutes a desired effect, since more hydrophilic surfaces will improve 
the permeance of polar compounds and the membrane surface could be less prone to fouling. 
Here, the surface electrolyte PSS is a strong aromatic acid and it is believed that the contact 
angle results are a combined effect due to the -SO3 groups that are present in PSS as well as the 
interpenetration of the previously attached PAH layer58,59.  
 
Figure 3-3: Contact angle measurements performed with deionized water droplet solution 
and recorded after 3 seconds. Values for the modified membranes represent the average of 
four measurements taken at three distinct locations on the membrane surface. Insets show 
droplet formation for the two distinct base membranes. 
AFM imaging 
Figure 3-4 shows the AFM images of the base membranes and of relevant PEMs. It was observed 
that the polyelectrolyte layer changes the original topography of the alumina oxide considerably 
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with large smooth regions, but with rougher sections around the pores. These membranes showed 
a rather heterogeneous surface after the modification. The modified PES membranes had a more 
homogenous surface, very similar to the original unmodified surface, where the polyelectrolytes 
seem to have covered the surface as a mold would coat a template. Figure S2 shows the complete 
set of AFM images for PES membranes as a function of number of bilayers. Both of these 
membranes showed an overall enhancement in surface roughness on deposition of polyelectrolyte 
layers which was also reported by Malmali et al.53 and Vandezande et al.61. Figure S3 showed the 
variation of surface roughness as a function of number of polyelectrolyte bilayer on PES and 
alumina membrane. 
 
Figure 3-4: AFM images at 1 µm x 1 µm resolution in two dimensional and three dimensional 
(3D) display. (A; A-3D) unmodified alumina oxide, roughness 3.8 nm. (B; B-3D) unmodified 
PES, roughness 3.6 nm. (C; C-3D) (PSS/PAH)8PSS on alumina oxide, roughness 11.9 nm. 
(D; D-3D) (PAH/PSS)16 on PES, roughness 5.7 nm. These membranes were not used for 
rejection analysis but they were previously equilibrated with deionized water until constant 
permeance. 
For the PES membranes, the results show that the NaOH treatment (3.6 nm) had no significant 
effect on the roughness of the native PES structure (3.5 nm) but that adding 4 and 10 bilayers 
increases the roughness to 17 nm and 16 nm, respectively. Similar trend of initial enhancement of 
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surface roughness was also reported in the literature on deposition of PSS and 
poly(diallyldimethylammonium) chloride (PDADMAC) on 5 and 50 kDa PES membrane 
followed by a slight decrease53. This was attributed to the deposition of first layer at the entrance 
or inside the membrane pores which led to partial coverage of the membrane surface and then 
fulfilled on subsequent deposition of bilayers. When more than 10 bilayers were adsorbed on the 
surface, the roughness decreased considerably. This could be an effect of PE chain rearrangement 
and collapsing to a more rigid and condensed topography at higher bilayer numbers. A similar 
rearrangement has been observed by Yin et al.60 when vibrational forces were applied. This 
research group reported a denser and more uniform membrane with smooth surface that led to 
better overall performance. Here, it is believed that the pressure applied during permeance tests 
prior to AFM analysis induced a similar reassembly and compaction of the PE bilayers. 
SEM imaging 
SEM images were taken of cross-sections of unmodified and modified alumina oxide and PES 
membranes (Figure 3-5). For unmodified alumina oxide, a very symmetric pore distribution can 
been seen. The base surface of the modified membrane has been covered in a similar manner as 
observed with AFM analysis and it can been seen that large, irregular PEMs have attached by 
protruding through the large pores. For unmodified PES, a very asymmetric membrane support 
can be observed along with a smooth selective layer. The base surface of the modified membrane 
was covered with PEMs as seen from the increase in overall thickness. A clear distinguishing 
between morphology of selective layer and of deposited PEMs was complicated, hence also 












Figure 3-5: Cross-sectional SEM images of alumina oxide and PES. A1.: unmodified 0.2 µm 
alumina oxide (magnification: 2000x); A2.: (PSS/PAH)8PSS (magnification: 2000x and 8000x 
inset); P1.: unmodified 50 kDa PES (magnification: 400x and 2000x inset); P2.: (PAH/PSS)9 
(magnification: 500x and 2000x inset). 
Zeta potential measurement 
The pH for zeta potential analysis for the PES membranes was adjusted manually within ±0.2 units 
of the set pH. The results depicted in Figure 3-6 show the variation of zeta potential as a function 
of pH. The zeta potential of modified PES membrane was found to be less sensitive than 
unmodified membrane. The pKa values for PAH and PSS are 8.7 and 1.0, respectively. After each 
bilayer deposition, the outer layer is of PSS, which is a strong electrolyte. Consequently, it leads 
to more stable charge dispersion resulting in less variation of zeta potential as a function of pH. It 
can be seen that NaOH treatment has rendered the treated unmodified membrane more negative, 
which was found to be in agreement with that reported by Teella et al.61. Their sanitized 
membranes were reported to be hyper sensitive to the pH due to the protonation/deprotonation of 
the organic acid generated during hydrolysis pretreatment.  
Zeta potential analysis for the modified inorganic alumina oxide membranes (Figure 3-6) revealed 
a base membrane with positive charge at above pH 8.0 and an isoelectric point of 7.9.  Due to the 
very brittle character of the inorganic membranes only the PEM with 8.5 bilayers was analyzed 
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and the zeta potential was found to be positive above pH 5.0 and negative beyond that. The 
isoelectric point was registered at pH 5.8 with a zeta potential between +5 and -5 mV. 
 
Figure 3-6: Zeta potential measurements of unmodified base membranes (black lines) and 
of the modified PEM membranes (colored lines). Lines connecting data markers are for 
guidance only. Relative error from 3 repeated measurements was ±5.5%. 
Rejection and permeance 
Figure 3-7 shows the performance of modified alumina oxide base membranes with bilayers of 
(PSS/PAH)nPSS that were tested for sugar and ionic liquid rejection. It is very interesting how, at 
lower deposited bilayers, the rejection for sugars and ILs is very similar, driven most probably to 
a large extent by size-exclusion. Whereas, at above 5.5 bilayers a departure from the previous trend 
is noticed and a selectivity becomes evident. It can be seen that, by increasing the bilayer number, 
the rejection for all sugar species also increases until it started to plateau around (PSS/PAH)7PSS 
with almost complete (>99%) rejection of cellobiose. For the two ionic liquids, a proportional 
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increase in rejection with the increase in bilayer number is also observed until 7.5 bilayers were a 
temporary plateau is observed until the rejection increases again at 9.5 bilayers. In this manner, 
the deposition of polyelectrolyte layers allowed for identifying of an optimum amount of bilayers 
with respect to the selectivity between sugars and ionic liquids. It is believed that, at intermediate 
bilayers, the molecular interactions (e.g. electrostatic and hydrophilic) between feed solutes and 
modified surface chemistry play a more prevalent role into the rejection process in addition to just 
the MWCO. 
While increasing the number of PE layers, the thickness of the selective layer also increases 
imposing a higher mass transfer resistance and an inherent decrease in membrane permeance. This 
translates into decreasing water permeance from about 12 to 4 L m-2 h-1 bar-1 from 3.5 to 9.5 
bilayers, respectively.  
 
Figure 3-7: Permeance (bars) and solute rejection (lines with markers) as a function of 
(PSS/PAH)nPSS bilayer number using alumina oxide disc as base membrane. Lines are there 
to guide the eye. Relative error for the rejection data was between ±3.2% and ±5.8% from 
triplicates. 
PEMs have been previously shown62 to exhibit a response to pH changes through their amphoteric 
properties. E.g. permeance and rejection could change as the polyelectrolyte functional groups 
change their protonation state63. This could have an impact on the rejection of charged species, 
such as the ILs discussed here. As seen in the zeta potential analysis, the only modified 
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nanofiltration membranes that showed a charge conversion of positive to negative were those using 
alumina oxide as base membrane. Therefore, the rejection of species for these membranes was 
tested at different pH. Data in Table 3-3 was collected with the usual feed solutions at pH 3.0, 5.6 
and 8.0 and then sampled at three different time intervals. The rejections in Table 3-3 were stable 
despite the different pH values. They also showed excellent stability as a function of time pointing 
at a very good membrane robustness. As discussed previously in the zeta potential section, the 
polyelectrolyte layers deposited on alumina oxide membranes had a low positive character from 
pH 3 – 5 and then a low negative character from pH 6 – 8. This surface charge trait is induced by 
the capping layer PSS, which is a strong aromatic polyacid64. The latter is expected to give a more 
stable charge dispersion, which could have made the modified membrane charge properties less 
susceptible to variation as a function of pH. Data shown in Table 3-3 bolsters this assumption, as 
no significant change in rejection properties while changing the pH of the feed could be seen. 
Table 3-3: Effect of feed pH and sampling time on compounds rejection with (PSS/PAH)9PSS 




Cellobiose Glucose Xylose Fructose EmimOAc BmimCl 
pH 3.0 
25 99.5 ± 4.5 88.2 ± 4.8 78.5 ± 5.0 87.3 ± 3.9 85.2 ± 2.0 83.5 ± 1.8 
50 99.6 ± 4.5 87.9 ± 4.7 77.8 ± 4.9 87.5 ± 3.9 86.0 ± 2.0 85.3 ± 1.8 
75 99.5 ± 4.5 87.9 ± 4.7 79.1 ± 5.0 86.8 ± 3.9 89.9 ± 2.1 81.0 ± 1.7 
unadjusted pH (~5.6) 
25 99.3 ± 4.5 90.3 ± 4.9 80.9 ± 5.1 90.3 ± 4.0 84.7 ± 2.1 87.7 ± 1.8 
50 99.4 ± 4.5 89.6 ± 4.8 80.2 ± 5.1 88.7 ± 3.9 84.5 ± 2.0 85.7 ± 1.8 
75 99.5 ± 4.5 88.9 ± 4.8 80.9 ± 5.1 87.9 ± 3.9 83.9 ± 2.0 83.9 ±1.8 
pH 8.0 
25 99.5 ± 4.5 90.9 ± 4.9 81.5 ± 5.2 90.8 ± 4.0 83.7 ± 2.1 86.6 ± 1.8 
50 99.5 ± 4.5 90.0 ± 4.9 88.7 ± 5.6 89.5 ± 4.0 82.8 ± 2.0 84.1 ± 1.7 




As seen in Figure 3-8, we could optimize the polyelectrolyte layer deposition on PES membranes 
to give almost 99% cellobiose rejection and 58% BmimCl rejection at 16 bilayers. The water 
permeance follows a similar decreasing trend as observed with the modified alumina oxide 
membranes. It starts at about 8 L m-2 h-1 bar-1 for (PAH/PSS)4 and then levels at around 2 L m-2 h-
1 bar-1 from 14 through 20 bilayers.  
It is interesting to see how depositing more bilayers on the PES membranes incurs a plateau in the 
IL rejection instead of continuously increasing as seen in Figure 3-7 for the alumina oxide 
membranes. This could be explained according to the three-zone model theory in which zone I 
(close to substrate) and III (close to film surface) are formed after several are deposited65. 
Deposition of more layers is proposed to result in the further growth of bulk zone (also core zone 
or zone II) only, thus decreasing membrane permeances but without considerably affecting 
rejection65. 
 
Figure 3-8: Permeance (bars) and solute rejection (lines with markers) as a function of 
(PAH/PSS)n bilayer number using PES as base membrane. Lines are there to guide the eye. 
Relative error for the rejection data was between ±1.7% and ±5.3% from triplicates. 
93 
 
Selectivity of ionic liquid over monomeric sugar 
Based on the size exclusion principle, the separation of these sugars and the ionic liquids, e.g. 
BmimCl and EmimOAc is challenging as seen from Table 3-2. The deposition-induced modified 
surface properties (increase in hydrophilicity, more negative value of zeta potential) were utilized 
here to achieve the effective separation of ionic liquid from monomeric sugars based on the latter 
property enhancement.  There are several important observations that can be concluded from data 
in Table 3-4. At 3.5 and 4 bilayers, the modified NF membranes show very low selectivity with 
no significant difference between the charged ionic liquid BmimCl and the uncharged sugars 
cellobiose and glucose. The rejection at this regime is expected to be mostly due to size-exclusion 
due to the insufficient coverage of polyelectrolyte layers as suggested by literature44,53. As more 
PE bilayers are deposited, the molecular interactions between solutes and the membrane active 
layer increase so that the alumina oxide (PSS/PAH)7PSS already shows a vastly improved 
selectivity BmimCl/Cellobiose versus Glucose/Cellobiose. The latter two solute pairs have very 
similar molecular weight ratios and this finding serves as proof that rejection at this regime is 
governed by additional preferential molecular interactions with the PE selective layer. The charged 
deposited polyelectrolytes seem to interact favorably with the charged IL molecule and allow for 
its easier passage than e.g. for glucose. Increasing the bilayer number even further starts to decrease 
the selectivity towards BmimCl. However, BmimCl/Cellobiose selectivity is still considerably 
better than Glucose/Cellobiose, which is believed to be driven by additional favorable interactions 
of the BmimCl cation with the increased negative membrane surface, as shown in zeta potential 
analysis (Figure 3-6). When adding more bilayers, the selective layer thickness increases and the 
solutes are thus forced to pass through tighter pores of more intertwined PE networks. As a result, 
the selectivity decreases from 2.3 at (PSS/PAH)8PSS bilayers to 1.2 at (PSS/PAH)9PSS bilayers 
in the case of the inorganic PEMs. The same effect is seen with the organic PEMs where the 
selectivity also decreases from 3.5 at 16 bilayers to 2.5 at 20 bilayers. Therefore, an optimization 
can be achieved and its effect can be described using three rejection regimes that build up with 
increasing bilayer number. In all of the identified separation regimes, the primary basis for the 
rejection process is still size-exclusion. This can especially be seen for the PES membranes in the 
rejection of uncharged sugars. There the rejection followed the trend: Cellobiose > Glucose ~ 
Fructose > Xylose, according with the molecular weight of the molecule. However, BmimCl and 
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EmimOAc, although larger in molecular size than the smallest sugar (Xylose) always showed 
lower rejection. Therefore, it is believed that selectivity of species can be controlled via additional 
interactions with the deposited polyelectrolyte layers. E.g. the electrostatic interactions of the 
deposited polyelectrolyte layers with the ionic liquid can be utilized as an additional factor to 
enhance the selectivity (along with the size exclusion) in the present case.  
In the first regime, rejection is governed to a larger extent by size-exclusion, whereas in the second 
and third regime the selectivity is to some extent controlled by superficial and stronger molecular 
interactions (e.g. electrostatic interactions). The optimum, as given by a BmimCl/Cellobiose 
selectivity of 50.5 for (PSS/PAH)7PSS on alumina oxide and 32.3 for (PAH/PSS)16 on PES was 
found in the second regime. PEMs fabricated on alumina oxide membranes showed better 
permeance due to a lower number of bilayers required to reach similar rejection. It is believed that 
during LBL deposition the PEs diffused and deposited inside the pores of these base membranes. 
This phenomena has been previously observed by Bruening et al.37 and is reflected in our findings 
by a lower amount of bilayers required to reach similar rejection performance when compared to 
the PES base membranes, where LBL deposition has presumably occurred mainly on the 
membrane surface. Furthermore, SEM analysis showed protrusion of PEMs inside the alumina 
oxide pores (Figure 3-5).  



















3.5x 12.08 ± 0.75 1.4 1.1 1.3 
7.5x 5.08 ± 0.32 27.1 1.8 14.9 
8.5x 4.78 ± 0.30 50.5 2.3 21.6 
9.5x 4.11 ± 0.26 29.4 1.2 24.2 
PES                   
(50 kDa) 
4x 8.22 ± 0.51 1.0 1.0 1.0 
16x 2.51 ± 0.16 32.3 3.5 9.3 
18x 2.47 ± 0.15 22.1 3.1 7.1 
20x 2.34 ± 0.15 22.3 2.5 8.8 
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Anti-fouling property is one of the vital properties for the nanofiltration membrane. Therefore, the 
reusability and resistance of the modified membranes were investigated. In Figure S4 it can be 
seen that the relative water permeance after dipping the modified membrane in 200 mM BmimCl 
and in 1.5 M NaCl for 24 hours showed no detrimental change. Then, in Figure S5 the rejection 
of sugars and of ionic liquid was carried out in three consecutive cycles and changes in the relative 
rejection was monitored after each cycle. These studies revealed that only insignificant changes in 
relative permeance and relative rejection occurred so that the modified membranes (alumina oxide 
and PES) are considered to be reusable and resistant for the present application. 
Comparative study 
The recyclability of ionic liquids via membrane technology and several other methods was 
previously critically studied by various groups18,25,66,67. The most prominent limitation of 
membrane-driven processes for IL recycling is the osmotic pressure. In order to purify an ionic 
liquid to >90% wt. very high operational pressures would be required and these often exceed the 
maximum operational pressure for nanofiltration. In Table 3-5 some previous work has been 
summarized, while emphasizing some advantages and disadvantages. For example, Haerens et 
al.25 achieved very high rejections with a similar process as in the present work, but their main 
limitation was the osmotic pressure. Instead of focusing on complete recovery of IL in the 
retentate, like many researchers in this areas commonly do, here we have optimized membranes 
for purification of ILs in dilute aqueous permeates. E.g. we are taking advantage of the low 
molecular weight and charge property of the ILs to facilitate their permeation through fabricated 
nanofiltration membranes while retaining as much of the contaminants as possible. In essence, we 
are optimizing a pre-recycling step since the ILs will always contain water, which acts as a 
transporter solvent. A very promising technique with excellent selectivity for biomass compounds 
was developed by Binder et al. 66. Using ion-exchange chromatography, the researchers were able 
to recover up to 95% pure IL. However, chromatography suffers from several experimental 
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limitations that could make scale-up unfeasible, especially when considering the complicated 
chromatography system and its potential use with high volumes of biomass hydrolysate. With our 
system, dilute streams that are mostly free of other contaminants are produced and this opens the 
avenue for developing automated systems capable of dealing with high volumes of filtrate, 
possibly in continuous mode (e.g. crossflow filtration).  
The main aim of Shill et al.17 was to study the ionic liquid pretreatment of cellulose biomass 
followed by enzymatic hydrolysis and the recycling of ionic liquid. As mentioned in Table 3-5, 
although ~ 95% ionic liquid can be recycled, it is expected to be contaminated with potassium salts 
and lignin. No further investigation on the purity of the ionic liquid was reported. While discussing 
the challenges for recycling ionic liquids by pressure driven membrane process, Haerens et al.25 
reported that the recycled product would be maximum 30% ionic liquid in water. The recycled 
ionic liquid was not subjected to any kind of purity check except water content. Based on their 
investigation, osmotic pressure is the limiting factor for removal of water from the ionic liquid 
fraction. Wu et al.18 in their investigation on the phase behavior of ternary systems composed of 
ionic liquid, saccharides and water, found out that their optimized liquid-liquid extraction 
technique resulted in highly pure ionic liquid with less than 1% of water content and with no 
sugars, which has been confirmed experimentally. The authors also quoted that the recovery of 
ionic liquid was not satisfactory (maximum up to 74% depending on the nature of the sugar 
molecules). Binder et al.66 optimized an ion-exchange based separation technique for ionic liquid 
from sugar with a recovery of more than 95%. Although the further analysis on the purity of the 
sugar was not carried out, the ion-exchange chromatographic technique was assumed to produce 
purified ionic liquid. The present work investigated the potential of a membrane based separation 
to selectively allow for ionic liquid permeance while rejecting as much as possible of typical 
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biomass hydrolysis sugars. This separation strategy has the advantage that the ionic liquid does 
not accumulate and concentrate in the retentate, thus circumventing the inherent limitation by high 
osmotic pressure, as quoted by Haerens et al.25. The purity of the recycled ionic liquid in this work 
depends on the rejection of sugar species and can be evaluated from the selectivity value in Table 
3-4. The higher the selectivity, the less sugar impurities would permeate along with the recovered 
ionic liquid.  
Table 3-5: Comparison of this work with other similar published work on ionic liquid 
recycling. Comments explain some advantages (+) and disadvantages (-). 
IL recycle 
method 






comprised of         
30 mM 
monosaccharides, 
115 mM BmimCl 





mostly IL liquid 
in water with 






limitation due to 
osmotic pressure 
(+) one step produces 
a permeate stream that 
contains mostly IL 
(+) simple to perform 
and scale-up feasible 
(-) IL is very diluted 
and other steps are 
required to remove 










(MW 226.0 Da), 
Bmim2SO4  
(MW 236.3 Da) 





DVA 032; 95% 
rejection with 
Desal DVA 00; 
maximum 30% 
v/v recovery 
from initial feed 
(+) scale-up feasibility 
(-) rejection limited by 
osmotic pressure  
(-) water removal via 
pervaporation limited 
by reduced flow due to 








The present investigation deals with the surface modification and characterization of alumina 
oxide and PES ultrafiltration membranes by polyelectrolyte deposition, and subsequent 
demonstration of its application on the feasibility of recycling of ionic liquid from biomass 





sugars; IL in upper 
phase, sugars in 
lower phase 
BmimBF4 recovery of IL 
is 74% for 
sucrose, 72% 
for xylose, 64% 
for fructose, 
and 61% for 
glucose 
(+) IL is pure without 
any sugar and less 
than 1 % H2O content 
(-) scale-up 
complicated 
(-) large amounts of 
solvents necessary 
(-) The ionic liquid 






with 40% K2PO4 
or KHPO4 
followed by water 
evaporation; IL in 
upper phase, salt 
and sugars in 
lower phase 
BmimOAc  





95% IL with 
salt impurities 
(+) very good 
recovery of pure IL 
with small amounts of 
impurities 
(-) pH was very basic 
at 9-13 
(-) large amount of 
solvents and salts are 
required 
















HCl, HMF and 
furfurals 
(+) IL can be reused 
as-is for new reaction 
(-) cannot handle large 
volumes continuously 





on the surface properties of the membrane and its consequent membrane performance. AFM 
imaging, contact angle measurement and zeta potential analysis were used to analyze the surface 
properties and morphology of the modified membranes which were found to be directly linked 
with water permeance and selectivity performance. Alumina oxide membranes showed 
heterogeneous deposition of PEs with large smooth areas and then rougher areas around the large 
microfiltration pores. The former is believed to be beneficial for increased permeance, while the 
latter could trigger a mediated transfer of charged species and thus an increase in selectivity for 
ionic liquids. An optimized nanofiltration membrane was obtained at (PSS/PAH)8PSS showing 
BmimCl/Cellobiose selectivity above 50. Additionally, the fabricated membranes showed 
excellent stability in the pH range of 3.0 through 8.0 at extended separation times. PES membranes 
showed a more homogenous deposition of PEs that seem to mimic the original structure of the 
base membranes. Coupled with increased negative charge as a function of deposited bilayers this 
allowed for better transfer of the charged species while retaining the non-charged species on size-
exclusion basis. An optimized nanofiltration membrane was obtained at (PAH/PSS)16 showing 
BmimCl/Cellobiose selectivity above 30.  
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Figure S2: AFM images at 1 µm x 1 µm resolution in two dimensional and three dimensional 
(3D) display. (A; A-3D) unmodified PES. (B; B-3D) unmodified, NaOH treated PES. (C; C-























Figure S3: Roughness measured by AFM in tapping mode for PEMs using (a) alumina oxide 
membranes and (b) PES membranes. Values for the modified membranes represent the 













Figure S4: The changes of permeance of the modified alumina (A1-2) and PES membranes 





Figure S5: Reusability of the modified membranes from repeated measurements. The 
rejection study of the consecutive separation cycle for sugar and the ionic liquid using 




4. Concentration of polyphenols from blueberry pomace extract using nanofiltration* 
* This chapter is based on a submitted manuscript: Alexandru M. Avram, Pauline Morin, Cindi 
Brownmiller, Arijit Sengupta, Luke R. Howard, S. Ranil Wickramasinghe. Food and Bioproducts 
Processing. Manuscript was submitted to journal on April.30.2017. 
* All experiments were conducted by Mr Alexandru Avram with some assistance from Ms Pauline 
Morin. Ms Cindi Brownmiller helped prepare feed streams for membrane testing and conducted 
HPLC analysis.  Profs Wickramasinghe and Howard guided the experimental work. Together with 
Dr Sengupta, they helped with analyzing the results and editing the manuscript. 
Abstract 
Polyphenols extracted from blueberry (Vaccinium corymbosum) pomace were concentrated using 
nanofiltration. Crossflow filtration was shown to be a feasible method for concentrating the 
polyphenols present in dilute aqueous solutions.  High-performance liquid chromatography was 
employed for the determination of total anthocyanins, total flavonols and chlorogenic acid in the 
hot water extract. Both nanofiltration membranes (NF245 and NF270) showed complete rejection 
of phenolic compounds at good permeances, whereas crossflow mode of filtration was found to 
reduce membrane fouling considerably. Furthermore, a suitable protocol was developed for clean-
in-place of the used membranes. After repeated filtrations followed by the cleaning protocol, the 
rejection performance was preserved unaltered and the relative permeance was recovered up to 
73% for NF245 membrane and more than 99% for NF270 membrane. 
4.1. Introduction 
Blueberries (Vaccinium corymbosum L.) contain large amounts of polyphenols 1. It has been 
suggested that consumption of blueberries can help suppress inflammation 2,3, display anti-cancer 
properties 4, improve human gut microbiome 5, reduce the risk of coronary heart disease 6,7 and 
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scavenge oxidative radicals 8. Most of these benefits are attributed to the high content of 
monomeric and polymeric anthocyanins, a class of polyphenols. These belong to a wide variety of 
arabinosides, galactosides and glucosides of cyanidin, delphinidin, malvidin, peonidin and 
petunidin 9 possessing orange-red, purple and blue plant pigments that have significant importance 
in the food industry as they determine color, taste and health benefits of marketed products. 
For commercial purposes, an ample amount of the blueberries is processed either into juice or juice 
concentrate and then the remaining solid residue (pomace) is generally treated as a waste product. 
The skins of blueberry fruits contain most of anthocyanins by weight 10 so that, depending on the 
complexity of the juice extraction method, the pomace is left with a substantial amount of valuable 
polyphenolics. Therefore, there is an incentive to further process the blueberry pomace and extract 
those remaining polyphenolics for applications as natural colorants, encapsulated supplements or 
added nutraceuticals 11,12. 
Most of the pomace extraction methods lead to dilute aqueous juice fractions and processing them 
into concentrates facilitates storage and transportation. Particularly, volume reduction and 
separation techniques are highly employed to produce juice concentrates and fractionate the dilute 
extracts. Multiple techniques have been developed aiming at the production of stable, nutrient-rich 
concentrated streams 13. Freeze concentration (cryoconcentration) 14, osmotic distillation 15, 
membrane filtration 16-18 and other multi-stage evaporation techniques are commonly reported in 
the literature 15,19,20. Anthocyanins are labile compounds that have been shown to easily degrade 
and lose biological activity under severe processing parameters such as high temperatures, UV 
radiation and cross reaction with other processing chemicals 21. Therefore, a careful consideration 
has to be given to the choice of processing techniques which should not only be economically 
feasible but also limit the deactivation and loss of the bioactive compounds.  
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Membrane technology could be a promising technology for recovery of these fragile biologically 
active compounds. Here, we focus on nanofiltration, a pressure-driven membrane process.  There 
has been a growing interest in pressure-driven membrane unit operations for concentration of 
polyphenols from dilute aqueous fractions and several membrane systems have been reviewed by 
Jiao et al. 18. For example Diaz-Reinoso et al. 16 have coupled ultrafiltration and nanofiltration 
membranes to concentrate and subsequently fractionate the sugars out of grape pomace extracts. 
Ferrarini et al. 17 tested the performance of nanofiltration and reverse osmosis membranes to 
concentrate grape juice as an alternative to pervaporation and cryoconcentration. More recently, 
Popovic et al. 22 used nanofiltration to concentrate aromatic compounds, phenolic acids and 
flavonols from chokeberry juice.  Cassano et al. 23 tested five nanofiltration membranes with 
MWCO between 200-1000 Da for the fractionation of artichoke brines and the recovery of 
bioactive compounds. With the advent of recent progress on the separation, purification and 
fractionation of dilute juice extracts, membrane separations are gaining interest. Among these, 
multi-step crossflow pressure-driven membrane steps show promising results with increased 
process efficiency by reducing membrane fouling and cake formation 19. Moreover, recent 
advances in nanofiltration suggest that it may be ideally suited for recovery of food-grade small 
organic species in aqueous solutions 24-27. In this work, the performance of two commercially 
available nanofiltration  membranes with MWCO 100-300 Da were evaluated for concentration of 
anthocyanins, flavonols and chlorogenic acid. Furthermore, we have developed a cleaning 
procedure with clean-in-place potential to investigate the reconditioning of used membrane as a 




4.2. Materials and Methods 
Blueberry (Vaccinium corymbosum L.) pomace was obtained by processing of non-clarified juice, 
which was carried out in accordance with the protocol described by 28. NF245 and NF270 
polyamide thin-film composite nanofiltration membranes with nominal molecular weight cut-off 
of 200-400 Da were obtained in form of flat sheets from Filmtec™ (Dow, Minneapolis, MN). Prior 
to insertion in the dead-end filtration vessel, the membranes were cut by hand and then soaked in 
deionized water for at least 24 hours. The active separation areas were 14.6 cm2 for dead-end setup 
and 42.0 cm2 for crossflow setup. Disposable filters (0.22 µm and 0.45 µm) were purchased from 
GE Healthcare Life Sciences (Whatman®, Pittsburgh, PA) and used to prefilter large particles. 
Sodium hydroxide (analytical grade) was purchased from Macron Fine Chemicals (Avantor 
Performance Materials, Center Valley, PA). Hydrochloric acid (37% v/v) was purchased from 
EMD Millipore (Billerica, MA). Deionized water was produced with Thermo Scientific, model 
Smart2Pure 12 UV/UF (Waltham, MA), 18.0 MΩ·cm.  
Pressurized hot water extraction 
Frozen blueberry pomace was allowed to thaw to 21oC prior to extraction. A Dionex model 200 
accelerated solvent extractor (ASE) system interfaced with a solvent controller (Dionex Corp., 
Sunnyvale, CA) was used to extract anthocyanins from blueberry pomace (Figure 4-1). Samples 
(0.5 g) were loaded into 22 mL stainless steel extraction cells with a cellulose paper filter inserted 
at the bottom of the cells. The ASE extraction was carried out using water as solvent; 68 bar 
pressure, 120oC temperature, five extraction cycles, 70% flush volume, 90 sec nitrogen purge time 
(no static time and no preheat time). For each extraction cycle it took approximately 5-6 min for 




Figure 4-1: Accelerated Solvent Extraction system. The pomace is loaded in the extraction 
cell, water is pumped through the system, and polyphenols are recovered as aqueous solution 
in the collection vessels. 
Approximately 22 mL of extract from each extraction cycle was pooled after passing through a 
large microporous sieve. Pressurized hot water extracts were stored at -20oC prior to total 
anthocyanin analysis and nanofiltration testing.     
Non-prefiltered or prefiltered (0.22 µm and 0.45 µm) blueberry pomace hot water extracts are 
collectively described here as feed solution. The extract concentration was found to naturally vary 
in the range 85-125 mg/L. 
Dead-end filtration 
A starting volume of 200 mL feed was loaded in a stainless steel pressure vessel (Sterlitech, Kent, 
WA), which was continuously stirred on a magnetic stirrer plate (OptiChem, Vineland, NJ). The 
feed side was pressurized with nitrogen at pressures between 10-17 bar. The flow through the 
membrane was quantified by collecting the solution on an electronic balance (Mettler Toledo 
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PL602-S, Columbus, OH) connected to a computer. The setup can be seen in Figure S1. The 
temperature of feed, permeate and concentrate was measured before and after filtration it was 
found to not change by more than ±1.3°C for any of the filtration experiments. 
Permeance was calculated from: 
𝑃𝑃 = 𝑉𝑉
𝐴𝐴∙𝛥𝛥𝑆𝑆∙𝑆𝑆
                  (1) 
 
where V is the volume of permeate, Δt is the time of permeation, A is membrane area, and p is 
applied pressure. 
Crossflow filtration 
A crossflow system was custom built as shown in Figure 4-2. An initial volume of 600 mL was 
loaded into the stainless steel vessel and then placed on a magnetic stirrer plate (Corning PC-210, 
Corning, NY) at 200 rpm. The feed was pumped through the pressurized system with a twin piston 
pump (Milton Roy Company, Houston, TX) at a constant crossflow rate of 57 mL/min. The 
transmembrane pressure was kept constant at 3 bar. The flow through the membrane was 
quantified in a similar manner as explained for dead-end mode. The temperature of feed, permeate 
and concentrate was measured before and after filtration and it was found not to change by more 
than ±1.6°C. 












where V is the volume of permeate, Δt is the time of permeation, A is membrane area, and TMP is 
the transmembrane pressure calculated from the pressures read at inlet, outlet and permeate (0 bar). 
 
Figure 4-2: Process flow of experimental setup for nanofiltration in crossflow mode. A: Feed 
stirred vessel; B: Piston pump; C: Permeate collection and balance; D: Crossflow cell; E: 
Pressure regulator and F: gas supply. 
Total polyphenol analysis 
Blueberry ASE extracts were screened for the determination of total anthocyanins and total 
flavonols content using a method adapted from Cho et al. 29 on HPLC (Waters Corp, Milford, MA) 
equipped with a 4.6 mm x 250 mm Symmetry® C18 (Waters Corp, Milford, MA).  Mobile phase 
(linear gradient) was comprised of (A) 5% formic acid and (B) 2% - 60% methanol at 1 mL/min. 
Flavonols were detected at 360 nm and anthocyanins were detected at 510 nm. Total anthocyanins 
(ACY) were determined as the sum of delphinidin, cyaniding, petunidin, penidin and malvidin  
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glycoside equivalents. Total flavonols (FLA) were detected as the sum of myricetin and quercetin 
equivalents. Total chlorogenic acid (CLA) were quantified using an authentic method 29. Total 
polyphenols, flavonols and chlorogenic acid are referred here cumulatively as total polyphenols. 
For rejection analysis, samples from feed, retentate and permeate were evaluated for total 
monomeric anthocyanin content by the pH differential assay using a Hewlett Packard Model 
8452A Diode Array Spectrophotometer (Palo Alto, CA) 30. For each sample, two dilutions were 
prepared: one with 0.5 mL of sample and 4.5 mL of pH 1.0 buffer; the other one with 0.5 mL of 
sample and 4.5 mL of pH 4.5 buffer. Then, after 1 hour in the dark, the optical density (OD) was 
measured at 510 and 700 nm wavelength against a deionized water blank. The absorbance was 
calculated using: 
 
𝐴𝐴 = [𝑂𝑂𝑂𝑂510 − 𝑂𝑂𝑂𝑂700]𝑆𝑆𝑝𝑝1.0 − [𝑂𝑂𝑂𝑂510 − 𝑂𝑂𝑂𝑂700]𝑆𝑆𝑝𝑝4.5            (4) 
 
where A = absorbance, OD = optical density at specified λ wavelength (nm). 
 
Total monomeric anthocyanin pigment concentration (c in mg/L), expressed as malvidin-3-
glucoside equivalents was calculated using: 
 
𝐴𝐴 = A ∙ MW ∙ DF ∙ 1000
𝑆𝑆 ∙ d
                 (5) 
 
where MW = molecular weight for malvidin-3-glucoside (493.2 g/mol), DF = dilution factor 




Sugars concentrations were analyzed using a previously developed assay on HPLC (1200 series 
(Agilent Technologies, Palo Alto, CA) equipped with a Hi-Plex Ca (Duo) column (Agilent, 300 x 
6.5 mm length x internal diameter, 8 µm pore size), injection volume: 5 µL, mobile phase: 
deionized water, flow rate: 0.6 mL/minutes, column temperature: 80°C, refractive index detector 
detector temperature: 45°C, run time: 30 minutes. 
Rejection of total polyphenols and sugars was calculated from: 
 
𝑅𝑅𝑖𝑖 = �1 −
𝑐𝑐𝑖𝑖𝑖𝑖
𝑐𝑐𝑖𝑖𝑖𝑖
� ∙ 100%                (6) 
 
where cip and cif  are solute concentration in permeate and feed, respectively. 
Membrane cleaning and fouling index 
Used membranes were cleaned with the following protocol: (1) soak in deionized and stirred gently 
for 24 hrs; (2) soak in 0.2% wt HCl for 30 min and then clean-in-place for 1 hr with deionized 
water; (3) soak in 0.1% wt NaOH for 30 min and then clean-in-place for 1 hr with deionized water. 
The performance of the reconditioned membranes was then tested for analyzing the recovery of 
initial permeance and rejection. Additionally, the following relationship was used to quantify the 
dynamic fouling index: 
𝐹𝐹𝐹𝐹 = �1 − 𝑃𝑃(𝑉𝑉/𝐴𝐴)
𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
� ∙ 100         (7) 
 
where P(V/A) is permeance at a constant permeate volume over membrane active area ratio and 
Pinitial is the initial permeance. 
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4.3. Results and Discussion 
Total polyphenols and sugar retention 
The HPLC data for total anthocyanins, flavonols and chlorogenic acid in the ASE extract, retentate 
and permeate were summarized in Table 4-1. The study revealed that the highest amount of 
polyphenols was due to total anthocyanins (with over 82% wt.), while the highest amount of 
sugarswas due to fructose (with over 70% wt.)  in the feed (ASE extract). The HPLC 
chromatograms of total polyphenols 16 anthocyanins and 7 flavonols were identified. can be seen 
in Figure S2. The most prevalent ACYs were malvidin-3-galactoside (15% wt, 493 M+), 
delphinidin-3-galactoside (14% wt, 465 M+) and malvidin-3-glucoside (13% wt, 493 M+). The 
most prevalent FLA were quercetin-3-galactoside (37% wt, 463 M+), quercetin-3-glucoside (16% 
wt, 463 M+) and quercetin-3-acetylrhamnoside (11% wt, 489 M+). Chlorogenic acid represented 
only 6% of total polyphenols and has a relative molecular ion weight of 353 M-. Both NF270 and 
NF245 exhibited complete retention of total polyphenols, total chlorogenic acid and sucrose. Only 
small amounts of glucose and fructose were found in the permeate fractions so that the rejections 
were higher than 97%. The rejection of sugars is in good agreement with the work of Malmali et 









Table 4-1: HPLC analysis results for ASE extract and for retentate and permeate fractions 






CLAb) Sucrosec) Glucosec) Fructosec) 
ASE extract (feed) 61.0 7.9 4.7 0.05 0.60 1.54 
NF270 retentatea) 73.9 9.9 6.1 0.07 0.72 2.12 
NF270 permeate n.d.d) n.d. n.d. n.d. 0.01 0.02 
NF245 retentatea) 84.7 10.7 6.6 0.09 1.14 2.39 
NF245 permeate n.d. n.d. n.d. n.d. 0.01 0.02 
a) dead-end filtration;  b) mg / 100 mL; c) mg / mL; d) n.d. – not detected. 
Dead-end filtration 
The concentration of polyphenols from blueberry pomace extract was tested using two 
commercially available nanofiltration membranes and then optimized experimentally based on (1) 
mixing speed, (2) prefiltration and (3) filtration time. Due to their low molecular weight cut-off, 
both membranes showed complete rejection of polyphenols regardless of the experimental 
parameter (Table S1). Membrane performance based on permeance using pomace extract was 
tested at 0 rpm, 200 rpm and 400 rpm while holding the filtration volume constant. As seen in 
Figure 4-3 the permeance changes drastically as a function of mixing speed; especially when no 
stirring is applied the permeance reaches unfeasible slow values. This parameter was investigated 
as part of finding optimum experimental parameters that would decrease fouling and disrupt cake 
formation – effects inherent to batch separation processes in the juice industry 32. Because the 
pomace extract is passed through a sieving filter (1 micron) after the ASE extraction there should 
be no solids present in the feed. Thus, it is expected that the main phenomena leading to an 
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exacerbated decrease in permeance are typical concentration polarization and pore blocking 
(membrane properties) as factors of polyphenols agglomeration, adsorption and precipitation (feed 
composition properties). For example Heinonen et al. have identified polyphenols agglomeration 
and precipitation during the concentration process of polyphenols from purple potatoes 33. 
At 400 rpm, mechanical mixing has been found to increase the starting permeance 6.8 times 
(NF270) and 2.1 times (NF245) over as compared to no stirring condition, while at 200 rpm it was 
4.0 times (NF270) and 2.0 times (NF245) higher. The appearance of the used membranes showed 
a dark purple coloration for the non-stirred experiments, while the other membranes remained just 
slightly tainted when stirring was applied. This leads to hypothesize that fouling due to polyphenol 
agglomeration or adsorption can be efficiently disrupted if mechanical stirring is applied. The 





Figure 4-3: Effect of stirring speed on permeance. Data reflects the feed permeance after a 
constant volume for both membranes was collected in permeate. 
Prefiltration with 0.45 µm and 0.22 µm filters was used as a simple pre-treatment method to assess 
the effect on membrane permeance (Figure 4-4). Measuring the polyphenol concentration before 
and after each prefiltration step, we observed a 15% wt. decrease after the feed was passed through 
0.45 µm and then an additional 10% wt. decrease after passing through 0.22 µm. The majority of 
the polyphenols have molecular weights significantly smaller than the pore size of the prefilters so 
that it is believed that the retained polyphenols were agglomerated large particles 9. This was an 
important observation for designing the experimental setup in crossflow mode and will be 
discussed in the next section. No polyphenols could be detected in the permeate of any of the 










The nanofiltration membranes were next tested at extended filtration times until the maximum 
amount of feed volume could be removed. As permitted by the dead-end setup, a minimum of 20% 
v/v of initial feed should remain in the pressure vessel to not disrupt mixing. This analysis allowed 
to compare the performance of the two membranes in terms permeance, rejection, anti-fouling 
properties, and also to investigate degradation of polyphenols at longer reactor residence time. In 
Table 4-2 it can be recognized that NF270 showed better performance than NF245. NF270 
required approximately 19 hours to remove 80% of the initial volume and the polyphenols content 
was concentrated by a factor of 4.6. In the same amount of time NF245 reduced the volume by 
60% and concentrated the polyphenols by a factor of 2.2. It required almost 30 hours to reduce the 
feed volume to the same performance as with NF270 but the flux started to decrease considerably 
after 21 hours, due to increased fouling (Figure 4-5). The temperature of the feed and retentate 
was monitored at the start and at the end of each filtration and it was found to not change by more 
than ±1.0°C. Both membranes showed complete rejection of polyphenols and during analysis no 
polyphenol degradation was detected. However, both NF270 and NF245 showed adsorbed 
polyphenols on their surfaces, as observed from the dark purple color of the used membranes. This 
could be an effect of particle agglomeration and polyphenol adsorption as seen previously in 










Table 4-2: Volume reduction and concentration factor for dead-end filtration at extended 
times. 
Membrane, 





NF270, 19 hrs 250 80 4.59 
NF245, 19 hrs 250 60 2.19 
NF245, 29 hrs 250 78 3.14 
 
Crossflow filtration 
Previously, the filtration performance in dead-end mode was tested under different experimental 
parameters and those findings were determinant in the design of the crossflow setup shown in 
Figure 4-2. The setup was constructed to keep the feed continuously stirred and the crossflow rate 
was set at a maximum flowrate of 57 mL/min. Then, the feed was passed through a 0.22 µm 
prefilter to remove larger aggregated particles. Total polyphenols were rejected completely (Table 
S2) and no polyphenol degradation was observed during analysis. The permeance was 
considerably higher with NF270, which started at 3.5 L m-2 h-1 bar-1 and then reached 
approximately 2.0 L m-2 h-1 bar-1 after 3 hours of filtration. For NF245 the permeance started at 





Figure 4-6: Crossflow filtration with 0.22 µm prefiltered feed, 200 rpm, performed at a 
crossflow rate of 57 mL/min and 3 bar transmembrane pressure. 
 
After 3 hours of filtration time with NF270, 15% v/v of total volume were removed and the 
polyphenol concentration factor was 1.24. With NF245 approximately 7% v/v were removed and 
the polyphenol concentration factor was 1.11.  










NF270, 3 hrs 600 15.1 1.24 




Membrane fouling is a serious drawback for membrane separations as it leads to reduced flow 
through the membrane 34. Fouling happens as the concentration polarization film in the vicinity of 
the membrane selective layer becomes more pronounced due to effects such as adsorption, 
compound agglomeration and precipitation as well as pore blockage 35. Here, several experimental 
strategies have been employed to attempt to disrupt or minimize the effects leading to 
concentration polarization. Membrane selective area of NF270 and NF245 are constructed with 
polyamide networks containing aromatic moieties and these structures have non-beneficial surface 
affinity towards the rejected polyphenols, possibly leading to enhanced adsorption of polyphenols 
33. Regardless of the mode of operation or nanofiltration membrane, fouling was observed on all 
membranes used in this work to some extent. This was visible from staining coloration and it is 
quantified using the dynamic fouling index (Equation 7). In Table 4-4 the dynamic fouling index 
is used to quantify the extent of membrane fouling for NF270 and NF245. Comparing the dynamic 
fouling index at a constant ratio of permeate volume versus membrane active area, it can be seen 
that NF270 showed better anti-fouling behavior than NF245 in dead-end and in crossflow mode. 
Furthermore, crossflow filtration was more successful at reducing fouling for the NF270. In the 
case of NF245, the MWCO of the membrane is smaller so that soluble compounds with small 
molecular weight, such as monomeric sugars could get stuck easier in the aromatic polyamide 







Table 4-4: Dynamic fouling index at constant permeate volume over active membrane area 
ratio (V/A). 
Filtration mode  
(V/A, mL/cm2) 
FI and membrane 
NF270 NF245 
Dead-end (0.50) 19 31 
Dead-end (0.70) 23 38 
Dead-end (0.95) 33 46 
   
Crossflow (0.50) 16 29 
Crossflow (0.70) 20 35 
Crossflow (0.95) 28 45 
 
For the purpose of membrane reconditioning, the used membranes were cleaned with the following 
protocol: (1) washed in deionized water for 24 hrs; (2) washed in 0.2% w/v HCl and (3) washed 
with 0.1% w/v NaOH. After steps (2) and (3) the membrane was cleaned-in-place with deionized 
water until the pH was constant. While establishing the wash protocol it was observed that step (2) 
leaves the previously purple stained membrane slightly pink in color, step (3) changes the staining 
to light brown and, for the membranes used in crossflow, the latter staining was eventually 
removed completely. The membranes used in dead-end maintained the light brown color and, as 
it can be seen from Figure 4-7, the fouling was irreversible. Only 37% of the initial water 





Figure 4-7: Recovery of permeance for membranes used in dead-end mode using 0.22 µm 
prefiltered feed at 200 rpm. Data is shown in duplicates for each membrane and water was 
used as testing feed. 100% relative permeance was 14.1 and 5.4 L m-2 h-1 bar-1 for NF270 and 
NF245, respectively. 
Using the same cleaning protocol, the used membranes from crossflow showed excellent water 
permeance recovery. For NF270 the recovery was almost complete, while for NF245 up to 73% 
of the initial permeance was recovered. Comparing dead-end and crossflow, the angle of the feed 
passing over the membrane surface seems to play a crucial role in the recovery of the permeance. 
In dead-end mode, the feed is mixed perpendicular to the membrane area, while in crossflow mode 
the feed flows tangentially over the membrane area. A tangential flow direction has therefore been 
shown beneficial in disrupting irreversible fouling. Additionally, while designing the wash 
protocol it has been observed that reversing step (3) with (2) will considerably decrease the 
cleaning efficiency. This is probably due to acid/base effect on the polyphenols. Polyphenols are 




Figure 4-8: Recovery of permeance for membranes used in crossflow mode using 0.22 µm 
prefiltered feed at 200 rpm. Water was used as feed and all other parameters were constant. 
Washing steps are shown in chronological order. For NF270 100% relative permeance 
corresponds to 13.2 L m-2 h-1 bar-1 and for NF245 100% relative permeance corresponds to 
4.6 L m-2 h-1 bar-1. 
4.4. Conclusion 
Nanofiltration technology was used in dead-end and in crossflow mode to concentrate polyphenol 
content from blueberry pomace. The most prevalent polyphenols were identified as total 
anthocyanins, total flavonols and chlorogenic acid. The sugar content analyzed using HPLC 
revealed that fructose was the predominant monosugar. Both nanofiltration membranes showed 
complete rejection of total anthocyanins, total flavonols, chlorogenic acid, sucrose and more than 
95% rejection for glucose and fructose. The rejection performance was unaffected by the 
experimental parameter of the filtration mode. In dead-end mode 80% of water volume was 
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removed in 19 hours using NF270, while only 60% of water volume was removed with NF245. 
Stirring was found crucial for obtaining good permeances and crossflow mode was found to 
improve membrane fouling considerably. The membrane reconditioning protocol delivered almost 
complete recovery of water permeance for NF270 used in crossflow mode and up to 73% recovery 
for NF245.  
Based on our experimental work, we recommend the following best operation procedures for 
polyphenol concentration using nanofiltration membranes: 
Table 4-5: Unit operations and the recommended best procedure to assist with observed 
issues. 
Unit operation Recommended best procedure 
blueberry extract is preserved best frozen but 
polyphenols tend to precipitate at low 
temperatures 
warm up to room temperature under 
continuous stirring before separation 
prefiltration 
if prefiltration is used as pretreatment method, 
use a stirred device if possible to help break 
particle aggregation 
membrane fouling 
membranes used in dead-end seem to foul 
irreversibly compared to those used in 
crossflow 
crossflow, although a more complicated setup 
is a better option for reducing fouling 
clean-in-place 
membranes used in crossflow can be 
reconditioned to almost complete permeance 
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Dead-end - Rejection 
 
Table S1: Rejection of polyphenols and anthocyanins at different experimental parameters 
in dead-end filtration mode. 
Filtration parameter 
Total polyphenol rejectiona) 
NF270 NF245 
Stirring speed, rpm   
0 100% 100% 
200 100% 100% 
400 100% 100% 
Pre-filtration   
none 100% 100% 
0.22 µm 100% 100% 
0.45 µm 100% 100% 
Filtration time   
1 hr 100% 100% 
19 hrs 100% 100% 
29 hrs n.a. 100% 




















Figure S2: HPLC analysis of anthocyanins. A. 510 nm, ASE extract; B. 510 nm, permeate 
after nanofiltration in dead-end mode with NF270; C. 360 nm, ASE extract and D. 360 nm, 
permeate after nanofiltration in dead-end mode with NF270. Numbered peaks are identified 
below. * - not identified peak. 
Peak identification using standards as follows: 



















Figure S2, C. (360 nm): 























Figure S3: Process experimental setup for nanofiltration in crossflow mode. Arrows show 
the direction of fluid. A: Feed stirred vessel; B: Piston pump; C: Crossflow cell; D: Pressure 
regulator. 
 
Crossflow filtration - Rejection 
Table S2: Rejection of polyphenols at constant experimental parameters in crossflow 
filtration mode. Stirring speed 200 rpm, 0.22 µm prefiltered feed, crossflow flowrate 57 
mL/min, TMP 3 bar, feed volume 600 mL. 
Sampling time, min 
Polyphenols rejectiona) 
NF270 NF245 
50 100% 100% 
100 100% 100% 
180 100% 100% 
a) as sum of total anthocyanins, total flavonols and chlorogenic acid. 
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5. Conclusion and future outlook 
Nanofiltration is a very promising separation technology that has the potential to deliver 
completely new technologies or advance already existing ones. In this work have developed novel 
chemistry to modify poly(ethersulfone) membrane via interfacial polymerization for use in the 
recycling of expensive ionic liquids. This is especially relevant, since ionic liquids and low 
molecular weight sugars, such as glucose, are cumbersome to separate by size-exclusion only.  Our 
results indicate that careful control of the thickness and structure of the interfacial polymerization 
layer will be essential to maximize rejection of sugars, recovery of ionic liquids in the permeate 
and the permeability of the membrane.  In addition to development of appropriate membranes, 
integration of a nanofiltration step in the entire process must be considered as it will determine the 
viability of nanofiltration for ionic liquid recovery. 
The second membrane modification dealt with deposition of charged polyelectrolytes on the 
surface of alumina oxide and poly(ethersulfone) ultrafiltration membranes. We demonstrated their 
application on the feasibility of recycling of ionic liquid from biomass hydrolysates. An attempt 
was made to understand the effect of number of polyelectrolyte bilayers on the surface properties 
of the membrane and its consequent membrane performance. Atomic force microscopy imaging, 
contact angle measurement and zeta potential analysis were used to analyze the surface properties 
and morphology of the modified membranes, which were found to be directly linked with water 
permeance and selectivity performance. Alumina oxide membranes showed heterogeneous 
deposition of polyelectrolyte layers with large smooth areas and then rougher areas around the 
large microfiltration pores. The former is believed to be beneficial for increased permeance, while 
the latter could trigger a mediated transfer of charged species and thus an increase in selectivity 
for ionic liquids. Poly(ethersulfone) membranes showed a more homogenous deposition of 
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polyelectrolytes, which seem to mimic the original structure of the base membranes. Coupled with 
increased negative charge as a function of deposited bilayers this allowed for better transfer of the 
charged species while retaining the non-charged species on size-exclusion basis.  
For the third part of this work, nanofiltration technology was tested in dead-end and crossflow 
mode to investigate the feasibility of reducing water volume and thus concentrating health 
beneficial polyphenolic compounds from blueberry (Vaccinium corymbosum) pomace extracts. 
The pomace represents an underused raw material that is usually discarded in the food 
manufacturing industry after the juice was extracted. However, the skins of the blueberry fruit 
contain the most polyphenols by mass and their extraction and concentration could deliver an 
interesting market product as e.g. anti-oxidant enhanced drinks and foods. The separation 
techniques were optimized based on stirrer speed, prefiltration step and feed temperature. Both 
NF245 and NF270 showed complete rejection of phenolic compounds at good permeances. A 
clean-in-place protocol was developed for cleaning the used membranes after filtration and an 
excellent relative permeance was obtained for the NF270 membrane. 
As future work, it would be interesting to investigate if interfacial polymerization and 
polyelectrolyte deposition could be combined and optimized to fabricate membranes with even 
better selectivity for the recycling of ionic liquids and with even better permeabilities. Since 
interfacial polymerization allows for easy addition of reactive monomers, it would be interesting 
to test other boronic acids that could be used to tune the selective layer towards complete rejection 
of sugars (and thus increased selectivity and recycling of ionic liquids). 
For the recovery and concentration of polyphenols from blueberry pomace, it would be worthwhile 
developing a larger scale system and investigate the economic feasibility as well as bioactivity of 
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concentrated polyphenols. Since the polyphenols have shown to adhere to membrane surface, 
fouling studies and optimization based on reducing membrane fouling could be of interest.  
